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Phase diagrams have been determined showing the extent 
ef the inverse micetlar or microemulsion region for several 
ionic surfactants and some cosurfactants. Hexylamine has been 
found to be a very effective cosurfactant giving rise to very 
good water solubilizing capacity at extremely low surfactant 
concentra>tions and very low cosurfactant levels at rather 
high initial hydrocarbon levels. 
A fairly extensive study of phase equilibria of the 
system composed of sodium dodecyl sulfate, hexylamine, 
heptane, and water has been carried out . The conductivity 
behavior of the inverse micellar or ml,croem'l:l.lsion phase of the 
system shows the p~rcolation phenomenon. Low angle X-ray 
diffraction has been used to investigate the lamellar liquid 
crystalline phase. Equations are developed or modified .,to 
allow determination of the degree of interpenetration between 
the amphiphile bilayer& and aqu~ous layers in the lamellar 
liquid crystal s~ructure . 
The association structures of water-in-oil (W/0) 
microemul1sions containing sodiwn dodecyl sulfate, 
hexylamine, heptane, and aqueous sodium ch~oride have been 
investigated using time-average and dynamic light scattering 
techniques. Molecular weights, diffusion coeffr cients, and 
particle si~e of microemulsion droplets were determined. 
Modern theories of fluid's have been u.aed to interpret the 
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INTRODUCTION 
Due to their unique molecular structures, amphip~ilies 
·( 1) display a variety of association phenomena both in aqueous 
and nonaqueous solvents. An amphiphilic molecule usually 
consists of two moieties, one of whi4h is soluble in water 
(hydrophi lie) and the other is sparingly soluble or insoluble 
inwater (hydrophobic) but soluble in apolar solvents such as 
hydrocarbons. The hydrophilic portion of the amphiphile is 
ionic or polar and the hyd~tophobic portion is usually a 
hydrocarbon chain . Common surfactants provide a typical 
example of such molecules . When amphiphilic molecules such as 
ionic surfactants are dissolved i~ water , they tend to 
aggregate themselvs into a macromolecular structure due to 
the hydrophobic effect( 2) which arises from the energetically 
unfavorable interactions between the hydrocarbon tail and 
water. The aggregation wi 11 result in a minimum contact 
between the hydrocarbon tails and water molecules while the 
contact between the ionic head groups and water is maximum. A 
series of association structures may come about, depending on 
condi tiona such as the concentration of the amphiphi le, 
temperature, salt concentration, addition of hydrocarbon and 
another much more hydrophobic amphiphile called a 
cosurfactant, e.g., an alcohol of intermediate chain length. 
These various associ1lt1on structures are normal micelles , 
lyotropic liquid crystals, and inverse micelles or 
microemulsions (3) . In the following, some fundamental 
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aspects reqardinq molecular self-association of amphiphiles 
will be outlined first. Then a brief discussion about various 
association structures in surfactant-water binary systems 
follows. Special attention will be paid to three-component 
and four-component systems composed of surfactant, water, and 
cosurfadtant or cosurfactant plus hydrocarbon in the case of 
quaternary syst.ems . 
A. SOME FUNDAMgNTAL ASPECTS OF MOLECULAR SELF ASSOCIATION 
OF AMPHIPHILES 
1. Thermodynamics of Micelle Formation(2-5) 
When the total concentration of the surfactant reaches a 
certail'hpoint called the critical micellization concentration 
(CMC) I micelles of different size form , as shown 
schematically in Fiqure 1 . Consider that micelle formation is 
a chemical equilibrium and that micelles of different size can 
be treated as distinct chemi cal components in the system. The 
thermodynamic principles require that the chemical potential 
of an amphiphile in the micellar state be equal to that of the 
free monomer in the solution at equilibrium. It is convenient 
t() use mole fraction as the concentration unit for each 
component in the solution(2) . Suppose that the mole fraction 
of the amphiphile molecules in the micelles of aqqreqation 
number, N, is ~ - Then the mole fraction of the micelles of 
this size is ~/N. Therefore one can respectively write the 
chemical potential for an amphiphile molecule in the 








The concentration has been assumed low enouqh so that 
interactions between aqqreqates can be iqnored. At 




The total concentration of the surfactant in the system, Xt, 
is 
- ( 5) 
where Xmic is the overall concentration of the surfactant in 
the micellar form and is qiven by 
-X = I X... 
mic N=l-~ (6) 
Eq . 4 is a micelle size distribution function. The optimal 
• size, N , is defined as the size at which the derivative of~ 
with respect to N is equal to zero at the prevailing free 
monomer concentration, x1 , 
• at N = N (7) 
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One can also relate the experimentally observable mean 
aqqreqation number, N, to the total amphiphile concentration 
(4) 
(8) 
The mean aqqreqation numbe~ is defined in terms of Eq.(4) 
N = I NX__/ I x__ 
N> l--~ N> l-~ (9 ) 
For many micellar systems , the size distribution is narrow and 
- * N is close toN (6) . 
From Eq. 4 it is seen that the term (~~-p~) determines 
the rnicelle size . Micelles with the optimal size form 
dominantly if ~~ has a minimum at this size. p~ wi 11 take 
different forms for different shapes of micelles(3) . 
2. Micelle Shape. and Size-Geometric;al Considerations 
Simple qeometric considerations can allow approximate 
prediction of the micellar shape in terms of molecular 
parameters of the amphiphile(4,5,7) . Since there must be no 
hole in the center of the micelle , the volume of the micelle of 
aqqreqation number N is always qiven by the volume of the 
hydrocarbon chain of the amphiphile times N, and one dimension 
of the micelle cannot exceed the double full extension of the 
hydrocarbon chain, lc. Suppose that the interfacial area of 
the polar or ionic head of the amphiphile is a
0
. Ninham and 
coworkers(S), after consideration of enerqetics, obtain the 
followinq predictive condi tiona for several possible 
associational structures : 
spherical micelles 
cylindrical micelles 
bilayers or vesicles 
inverted structures 
uja0 lc < l/3 
l/3 < uja 1 < l/2 
0 c 
l/2 < uja 1 < 1 
0 c 




where u;a0 lc !a called the "packing ratio" . Based on X-ray 
diffraction data( 7), the volume per saturated hydrocarbon 
chain can be written as 
u = 27.4 + 26.9n' 





where n' is some number less than the number of carbon atoms of 
the chain. 
From Eq. 10 one sees that increasing the packing ratio 
increases the tendency to form nonspherical structures or 
inverted structures. This can be brought about by reducing a
0
, 
shortening lc, or increasing u. To reduce the head group area, 
one can add salt or increase salt concentration in the case of 
ionic amphiphiles. Increase in temperature will enhance the 
thermal motion of the hydrocarbon chain and thus reduce lc. 
Whereas increasing the degree of unsaturation of the 
hydrocarbon chain, particularly with cis double bonds, 
increases the volume of the chain . We will find that the 
packing ratio concept is useful in explaining a series of 
phase transi tiona from normal micelles to inverse micelles in 
three- or four-component systems. 
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The drivinq force for self association of amphiphilic 
molecules in aqueous solution is the hydrophobic effect, as 
mentioned previously. This hydrophobic effect sets, at the 
same time, the lower limit of micelle size . Micelles of very 
small aqqregation number , e.g. , N=2 or 3, are hard to form 
because a high degree of contact between the hydrocarbon chain 
and water cannot be avoided( 7) . On the other hand , very large 
micelles are difficult to form because of an enhanced 
repulsion between neigliboring head groups in the case of ionic 
amphiphiles as the micelle size increases . In micelles formed 
from amphiphi lea wi tb uncharged head groups , the opposing 
force to self association is due to the preference for 
hydration. This opposing force sets an upper limit for micelle 
size. Therefore the micelles formed cannot have a purely 
statistical size distribution(?). 
B. ASSOCIATION STRUCTURES IN BINARY SYSTEMS 
Fiqure 2 gives a schematic partial phase diagram for an 
ionic alkyl chal.n surfactant in an aqueous system. Micelles do 
not form if the temperature is below a characteristic one 
called the critical micelle temperature (CMT) (8) and the 
surfactant precipitates as solid hydrated crystals at high 
concentrations. When the temperature is above CMT, the 
amphiphile dissolves as free monomers in solution at low 
concentrations and the bulk physical chemical properties of 
the solution behave as a simple electrolyte solution . 
However, when the amphiphile concentration reaches the 
8 
monomers 
micelles liquid crystals 
hydrated solid crystals 
Surfactant Concentration 
Fiqure 2 . Schematic representation of a partial phase 
diaqram for an ionic alkyl chain amphiphile-
water system. 
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critical micellization concentration (CMC), which is actually 
a narrow concentration ranqe, there is a sudden change in 
physical properties, such as turbidity, osmotic pressure, 
surface tension, conductivity, etc., indicating that an 
extensive association occurs(lO). After the CMC, all added 
surfactant essentially aggregates into micelles and the 
concentration of free monomers basically remains constant at 
the CMC, as schematically shown in Fiqure 3. Normally, 
spherical micelles form first. When the concentration 
increases further, transition of micellar shape from sphere 
to cylinder may occur. For example, for the sodium dodecyl 
sulfate ( SOS) -water system, this transition occurs at 
25%(wei<,Jht) SOS concentration at 25°C and can be brouqht about 
at a lower concentration by addition of NaCl ( 8), as was 
mentioned in the previous section . Although, in the 
concentration ranqe between 25% and 36% SOS the micellar shape 
is nonspherical, the solution remains optically isotropic 
because the cylindrical micelles are randomly oriented in 
space. However, upon additon of more SOS after 36X, a new 
phase comes about and is in equilibrium with the disordered 
cylindrical micelles if the SOS concentration is in the ranqe 
of 36X to 4QX. This new phase is the hexagonal liquid 
crystalline phase, as illustrated schematically in Figure 4. 
From 40% to 50% SOS, the system exists only in the hexagonal 
liquid crystalline phase. Above 50% SOS, the liquid 
crystalline phase becomes in equilibrium with solid SOS since 




Total Amphi phile Concentration 
Fiqure 3 . Monomer and aggregate concentration as a func-
tion of total amphiphile concentration . 




will discuss more about liquid crystals in the next section 
when we deal with ternary or quaternary systems. 
C. ASSOCIATION STRUCTURES AND PHASE BEHAVIOR IN THREE- AND 
FOUR-COMPONENT SYSTEMS--NORMAL MICELLES AND LIQUID 
CRYSTALS 
l. Representation of Phase Di agrams 
Under isothermal (and isobaric) conditions, phase 
equilibria of three-component systems are best represented i n 
a triangular phase diagram . Each apex of the triangle 
represents a pure component and the concentration of this 
component in a mixture containing all the three constituents 
is read as the distance from the oppo.si te base to the 
representive point of the mixture along a line between the 
center of the opposite base and the apex . The phase diagram 
can be conveniently expressed in weight percentages, although 
mole fraction may be more appropriate for interpretation of 
the phase behavior in terms of molecular interactions(ll). 
The lever rule is valid in two-phase and three phase areas for 
ternary systems. To represent phase equilibria of a four-
component system , a tetra.hedron must be used as shown by 
Figure 5 ( 12). Similar to the triangular representation of 
ternary systems, each apex of the tetrahedron represents a 
pure component . Since the diagram is three dimensional, it is 
cumbersome to use. Therefore, very often a triangular 
pseudophase diagram is used instead. The ratio of any two 
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Fiqure 5 . Three-dimensional phase diaqram of a four-
component system. S = Surfactant, 
CoS = Cosurfactant, H = Hydrocarbon. 
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these two components taken as a pseudocomponent. For reasons 
of convenience, the two miscible components (if any) are 
frequently mixed in the desired proportion when making the 
phase diagram. Other combinations are possible. For example, 
a pseudophase diagram can be made as the plane which is 
parallel to one of the four faces of the tetrahedron and 
bisects the other three edges . 
2 . Determination of Tie-lines 
We are interested in tie-line determination in two 
isotropic liquid phase areas here because this is important in 
the study of critical phenomena in microemulsions, 
particularly for non-ionic systems(l3-18). There is a simple 
method, among others, to determine the critical point by 
refractive index measurements. Figure 6 shows the phase 
diagram of a three-component system consisting of water, 
heptyltrimet.hylammonium bromide, and n-hexanol(l9) . Lis an 
isotropic liquid region and the area ABCA is a two-phase 
region . Clearly, there is, on the equilibrium curve ABC, a 
critical point at which concentration fluctuation is maximum. 
To determine this critical point, it is necessary to draw tie-
lines in this two-phase region. One finds the critical point 
if the tie-line merges into a single point . To draw tie-lines, 
a series of samples on the equilibrium curve ABC are prepared 
and the refractive index is measured for each sample . A 
working curve of refractive index vs. the compositions of 
samples is plotted. Then one needs to prepare a series of 
samples across the two-phase area and these samples split into 
15 
Water 
Fiqure 6 . Phase diaqram of the ternary system composed of 
water, heptyltrimethylammonium bromide(C7TAB), 
and hexanol(C60H) . 
16 
two phases at equilibrium. Refractive index is measured for 
each phase. Comparing this value of refractive index with the 
working curve, one finds the composition of this phase. Thus 
for each sample one tie-line is drawn. The critical point 
found in this way can be verified by light scattering 
measurements. A series of solutions in the one-phase region 
whose compositions are parallel to and close to the 
equilibrium curve ABC are prepared. The intensity of 
scattered light from the solution whose composition is 
closest to the critical point will have the highest value(20), 
as is schematically shown in Fiqure 7. 
Notice that the above procedure for tie-line 
determination is not valid in the case of pseudophase diagrams 
of four- or five- component systems since tie-lines usually do 
not lie on the surface of the pseudophase diagram. 
3. Normal Micellar Region 
A typical pha&e diagram of a ternary system composed of 
an ionic surfactant, an alcohol of medium chain length, and 
water is presented in Fiqure 8(21). In Ekwall's 
terminology( 22), the normal micellar region is denoted by L1 , 
E is the normal hexagonal liquid crystalline phase (see Fiqure 
4), D represents the lamellar liquid crystal region, while the 
L2 area is the so-called inverse micellar solution phase. We 
will have a brief discussion of each of these phases. In this 






Figure 7. Schematic representation of scattered light 
intensity versus composition of solutions close 
and parallel to the equilibrium curve between 
two-phase and one-phase regions, at which a 
critical point exists . 
Figure 8 . Phase diagram of water, n-hexanol, and cetyl-




The association structure of normal micelles in ternary 
systems is basically the same as that in binary systems, as 
discussed in section B. The ionic head groupe of surfactant 
molecules stick out and contact with the aqueous continuous 
phase, while the hydrocarbon tails are hiding in the core of 
the micelle. Therefore it is possible to dissolve a certain 
amount of hydrocarbon or hydrophobic amphiphiles , such as 
alcohols, in the core of the micelle before the micelle is 
broken down. There should ber a probability that some dissolved 
alcohol molecules in the micelle may insert between 
surfactant molecules in the surfactant layer with their polar 
heads pointing toward the surface of the micelle. In this way 
the micelle should gain some stability relative to the two-
component system because the inserted neutral alcohol 
molecules help reduce the repulsion between neighboring ionic 
head groups of the surfactant molecules. Therefore the 
micelle size is expected to become larger compared to that of 
the corresponding binary system under otherwise equivalent 
conditions (2). However, solubility of hydrocarbons or 
alcohols will not be large , usually only a few percent, in 
normal micellar solutions( 12). 
4 . Lytropic Liquid Crystals 
The liquid crystalline state is an intermediate state 
between solid and liquid. The crystalline solid of an 
amphiphilic compound such as an ionic surfactant is 
characterized both by a long range order and a short range 
order. The liquid state is disordered in both the long and 
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short ranges, while the liquid crystalline state is 
disordered in the short range but ordered in the long range, 
as shown in Figure 9(23). There are two ways to obtain liquid 
crystals. For some organic compounds, a liquid crystalline 
state may be obtained by heating the solid or by cooling the 
liquid(24). These kinds of liquid crystals are termed 
thermotropic liquid crystals. A liquid crystal can also be 
obtained by addition of a solvent to a compound or a mixture of 
compounds, as seen in the binary system discussed previously 
and shown in Figure 8 . Such liquid crystals are named 
lyotropic liquid crystals. 
Depending on composition, an amphiphile system may have 
a variety of liquid crystal structures( 22). The normal 
hexagonal and lamellar structures are most o~ten seen. We will 
limit our discussion to these two structures. By "normal" we 
mean that the structure has a hydrocarbon core and a 
hydrophi lie surface. The hexagonal has a two-dimensional 
periodicity and consists of an array of basically infinite 
cylinders, as shown in Figure 4. The lamellar structure is of 
one-dimensional periodicity and consists of infinitely 
expandable bilayers of amphiphile molecules intercalated by 
water layers at a repeating distance. The hydrocarbon tai 1 of 
the amphiphile points to the center of the bilayer and the 
ionic or polar head toward the interface between the bilayer 
and water layer. Figure 10 gives a schematic representation of 
the lamellar liquid crystal structure(24). Clearly, liquid 
crystals are capable of dissolving hydrocarbons. The 
(a) (b) (c) 
Fiqure 9. Schematic illustration of the crystalline (a), 
liquid crystalline (b), and liquid (c) states 
(23). 
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Fiqure 10. Schematic model of the lamellar liquid crystal 
structure ( 24). 
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dissolved hydrocarbon goes to the centers of the amphiphilic 
bilayers or the cores of cylinders in the case of the normal 
hexagonal structure. The orientation of cosurfactant 
molecules such as alcohol is the same as that of 
surfactant(23). Solubilized substances alter the stability of 
the liquid crystals. An alcohol cosurfactant.of chain length 
in excess of six carbon atoms stabilizes the liquid crystals 
with the lamellar structure . The reason for this arises from 
the fact that the polar but neutral alcohol molecule is 
capable of reducing the destabilizing interactions of 
electrostatic repulsion between the ionic heads of surfactant 
molecules of like charge, as mentioned earlier. However, when 
the carbon atom number of the cosurfactant chain is less than 
six, the liquid erystalline phase is destabilized due to a 
high sol ubi li ty of water in the reverse micellar 
solution(23). This destabilizing effect may also be 
appreciated by looking at the mobility of the cosurfactant 
molecule. A small alcohol molecule is easy to move around and 
this will lead to destabilization of the more ordered liquid 
crystal structure. 
Because of the optically anisotropic nature of the 
liquid crystals discussed above, their existence is readily 
observed with the aid of two polarizing plastic sheets 
arranged with their planes of polarization perpendicular to 
each other and the sample in between them . A polarizing 
microscope is excellent for this purpose also. However, there 
exists an isotropic liquid crystalline phase for some 
24 
aystems(22) . So care should be exercised when using the above 
techniques . A powerful method in identification of liquid 
crystals is low angle X-ray diffraction , if a diffraction 
pattern of several reflections can be obtained(25) . For the 
hexagonal structure with a two-dimensional periodicity, d-
spacing is expressed as 
( 13) 
where h and k are the Miller indices of the reflecting p l ane , 
and a is the lattice parameter of the unit cell . Therefore the 
diffraction pattern will appear such that the ratio of d 
v alues (positions of diffrac tion maxima) is 1 : 1/ .cr : l / .l'i: . .. . 
Fo r the one dimensional lamellar struc ture , 
d = h / a (14) 
and the diffraction pattern is 1:1/ 2 : 1/ 3 :.. . for the 
i nter layer spacing ratio . According to the model given in 
Figure 10 , it is easy t o re l ate the interlayer spacing to the 




is the thickness of the amphiphi le bilayer and f 0 the 
sum of the volume fractions of the substances forming the 
bilayers . 
Figure 11 shows an example of a low angle X-ray 
diffraction pattern of a lamellar liquid crystalline phase . 
The sample consists of JOX water , 42X SDS and 28X 
25 
Fiqure 11 . Low angle X-ray diffraction pattern of a lamellar 
liquid crystalline phase composed of 3~ water, 
28% SDS, and 42X hexylamine, collected using a 
Kiessiq low angle camera from Richard Seifert 
with a tennelec position-sensitive-detection 
system (Model PSD-100). Radiation source : 
Ni-filtered Cuk . The dimension of the pattern 
a 
has been reduced. 
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hexylamine. It ie noted that only the first diffraction 
maximum ~a observed because other reflections are of low 
intenai ty .and not observable in thi e case . The inter layer 
spacing is easily calculated using Bragg's law. 
Eq. 15 can be written in terms of water weight fraction , 
(16) 
where uw is the partial specific volume of water and u 
0 
ia the 
mean partial specific volume of the consti tuente of the 
bilayera. Therefore one is able to deduce d
0 
and u...,Ju 0 from 
the intercept and elope of the plot of d versus f...,J(l-fw) if 
mutual penetration between bi layers and water layers is 
negligible. 
0. INVERSE MICELLES AND MICROEMULSIONS 
1 . Inverse Micelles 
In Fiqure 8 the isotropic solution area, L2 ,. extending 
from the coeurfactant corner ie commonly called the inverse 
micellar so lution region. However, this is not totally 
justified, as is pointed out by Friperg(27) , since micellar 
droplets do not really form in the range of low water 
concentrations . Si z able inverse micelles form only when water 
concentration is high enough and in excess of that required 
for hydration of surfactant molecules. Therefore the inverse 
micellar region L2 can microscopically be divided into two 
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areas, as shown in Figure 12. The area of low water 
concentration contains ion pairs of surfactant with a few 
water molecules associated with each ion pair in the 
cosurfactant solution(12) . As water concentration increases, 
formation of inverse micelles gradually takes place over a 
rather wide range, in contrast to the critical micellization 
concentration (CMC) in the normal mi celle phase which is a 
narrow amph1phile concentration range , as pointed out 
previously . That the solubion in the low water concentration 
range of the L2 region is a molecular dispersion of surfactant 
in cosurfactant solution can be verified by several 
experimental techniques . Light scattering and electron 
microscopy appear to be good tools(28) . Figure 13 presents 
lign~ scattering results from the three-component system we 
have chosen as a model sys tem for this dissertation . The 
system is composed of sodium dodecyl sulfate , hexylamine , and 
water . The measurements of scattered light intensity were 
carried out by keeping the ratio o f surfactant to cosurfactant 
constant and vary1&"lg the water content . We see that the 
scattered light intensity from s o lutions with low water 
concent:::-ations is very low , even lower than pure toluene 
liquid , and the intensity stays low over a large range of 
water concentration before it increases slowly. Obviously , no 
single concentration appears which can be well defined as the 
onset of inverse micelle formation. Neverthless, inverse 
micellar droplets of appreciable size begin to form as water 




Figure 12 . Schematic illustration of L2 solubility area 
showing two regions, P and IM, representing 
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Figure 13 . Intensity of scattered liqht from the coeur-
factant solution(L2 ) composed of water, SDS, and 
hexylamine relative to that from pure toluene 
liquid at 90° as a function of water concentra-
tion . The relative intensity is plotted as loq-
arithm. The weiqht ratio of SDSjHexylamine : 
o--5/ 95, o--10/90, A--15/ 85 . 
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of the inverse micellar droplets chanqes as water content 
chanqes since the ratio of water to surfactant varies. 
Therefore it would not be suitable to use an extrapolation 
method to obtain the particle size from such· measurements of 
liqht scatterinq. 
Inverse micelles are usually thouqht to have a spherical 
structure. An inverse micelle contains a water core 
surrounded by a monolayer of surfactant and cosurfactant 
molecules whose ionic or polar heads are anchored at the 
surface of the water core and hydrocarbon tails stick out into 
the continuous phase of the cosurfactant solution, as 
pictured in Fiqure 14 . The compositon of the interfacial 
monolayer is a matter of importance and yet it is difficult to 
determine. When we are dealinq with microemulsions in Article 
IV of this dissertation, we introduce a technique currently 
used to dilute a concentrated water-in-oil (W/0) 
microemulsion . From the dilution line the compositon of the 
interfacial monolayer can be deduced and hence the 
composition of the continuous phase can also be known. The 
ratio of cosurfactant moleoules to surfactant molecules in 
the monolayer usually ranqes from 1:1 to 1:3 for W/0 
microemuls1ons(29). This dilution procedure cannot be applied 
to inverse micellar solutions with no hydrocarbon present. 
However, We have used a method to do this via conductivity 
measurements ( 30) . 
Bavinq introduced normal micelles, liquid crystals, and 
inverse micelles, we can now see the application of the 
Figure 14. A simplified picture of inverse micelle 
Structure. Molecules with a long chain are 




packinq ratio concept of Eq. 10 to explain this series of 
phase tranai tiona as the concentration of cos~rfactant 
increases in a three-component system. A cosurfactant mainly 
acta to increase the volume per surfactant molecul~, u, 
without siqnificantly affecting the parameters a
0 
and lc 
since the neutral co surfactant molecule is able to pack 
between the ion~c head groups without causing repulsion, as 
mentioned previously·. Therefore ae the cosurfac,tant is added 
to the normal micellar solution, lamellar liquid crystals 
form if the packing ratio, uja
0
lc, is in the range between 1/2 
and 1. Further addition of cosurfactant will destabilize the 
liquid crystalline phase and give a more energetically 
favorable structure, the inverse micelle phase, when the 
packing ratio is greater than 1(6). 
2 . Microemulsions 
a. Association Structures 
A microemulsion is, according to Lindman( 11), defined as 
a system of water, oil, and amphiphiles which is an optically 
isotropic and thermodynamically stable liquid solution. This 
definition is rather broad and obviously includes normal and 
inverse micellar solutions. Friberg(12) suggested that to be 
entitled to the name microemulsion, the system should contain 
appreciable amounts of disperse phase, other things being the 
same. The latter definition is more specific and puts emphasis 
on association phenomena since the existence of large amounts 
of disperse phase implies that the system consists of 
associative structures, so excluding molecularly disperse 
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systems. It would be more convenient to use this latter 
definition when investigating physical properties, such as 
particle size and molecular weight of particles. A 
molecu·larly disperse system does not have these 
macromolecular properties and the concepts of continuous and 
disperse phase cannot be applied for such systems. 
Depending on the phase continuity, there are three 
possible structures of microemulsions. If the continuous 
phase is water or aqueous solution, and the disperse phase is 
oil(hydrocarbon), the microemulsion is called oil-in-water 
and denoted 0/W. In contrast, a water in oil (W/0) 
microemulsion has a water disperse phase surrounded by an oil 
continuous phase . When the volume fractions of water and oil 
are comparable , the system may have a so-called bicontinuous 
structure (31-33) in which both water and oil components form 
continuous interpenetrating domains , with neither one 
surrounding the other(34). 
Ninham's packing ratio can certainly be used to predict 
the phase continuity of a microemulsion(S). However , there 
are other approaches in terms of interfacial properties, such 
as wettability of the amphiphile interfacial monolayer which 
can be considered as an interphase , and interfacial tensions 
( 29, 3S) . As implied above , a microemulsion contains three 
domains : water-rich , oil-rich, and amphiphile-rich 
(interphase) domains. If the amphiphile interface is more 
readily wetted by the oil phase than by water, the oil phase 
will then be the external or continuous phase and a W/0 
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microemulsion is formed, whereas the opposite case allows an 
0/W microemulsion to be formed. The interfacial tension 
approach is the following. Consider that the interfacial 
monolayer has a finite thickness. Then there are two 
interfaces. One is that between the monolayer and oil phase, 
characterized by an interfacial tension l'm/o' and the other is 
between the monolayer and water phase and has an interfacial 
tension ~'m;w· If ~'m;o is smaller than l'm/w' the w;o 
microemulsion will be the preferred structure (larger surface 
tension results in larger surface free energy). If ~'m;o is 
greater than 'm;w• a 0/W microemulsion will be obtained. This 
argument is pictured in Figure 15. Thus, to change a W/0 
microemulsion into an 0/W one, ~'m;o must be increased relative 
to ~'m;w· This effect can be achieved by using a cosurfactant 
of shorter chain length to form a more hydrophilic interfacial 
monolayer. Alternatively, one can use an oil having a larger 
interfacial tension with respect to water( 29). 
b. Stability 
In this subsection we only give a very brief discussion 
of some current theoretical treatments of stability of 
microemulsions . Detailed theories are available in the 
11 terature, e. q . , papers by Ruckenstein (36-39). 
Ordinary dilute (coarse) emulsions are 
thermodynamically unstable and their (kinetic) stability can 
be well described by the DLVO theory(40,41). Their stability 
depends on the relative magnitude of repulsive electrical 









Figure . 15. Schematic diagram illustrating the mechanism 
of the curvature formation of the interfacial 
fil~ in microemulsions . 
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between particles. In contrast, microemulsions are 
spontaneously formed and thermodynamically stable. Their 
stability cannot be interpreted in terms of those two kinds of 
forces alone. To explain the stability of microemulsion 
systems, Schulman an~ co-workers, who first investigated 
microemulsions ( 42), proposed a concept of transient negative 
incerfacial tension between water an~ oil(43-45). This 
suggestion can explain the fact that a large interfacial area 
is produced in a microemulsion system since many small 
particles are formed. However, it has been subject to 
criticisms (37,46) becau~e it cannot even account for the 
finite size of aggregates in the system. As a matter of fact, 
the spontaneous formation and finite size of droplets of 
microemulsion can be explained without invoking the negative 
interfacial tension provided that this tension is small 
enough (-lo-3dyne/cm or lower). 
Ruckenstein (37), in one of his papers dealing with the 
thermodynamics of microemulsions, treated a four-component 
microemulsion system as a two-component, oi 1 and water, 
system and considered that the surfactant and cosurfactant 
act only to affect the surface properties of the droplets of 
one phase in the other . Thus, the free energy of formation of 
one cm
3 
of microemulsion can be written as 
(17) 
where AG1 is the free energy of formation of interface and is 
the sum of a positive surface free energy and a negative free 
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enerqy of formation of the electrical double layers which form 
spontaneously. ~G2 is due to the attractive van der Waals 
" forces AG2 and repulsive double layer interactions AG2 , and in 
" general AG2 <<AG2 . AG3 represents the entropic effect and is 
negative due to formation of a large number of small droplets. 
Expressions for these different terms have been developed. 
Fiqure 16 gives the calculated results of these various 
contrbutions to AGm as a function of radius of the droplet for 
an 0/W microemulsion for some chosen parameters(38) . As can be 
seen from the fiqure, the microemulsion is stable since AGm 
0 
shows a negative minimum at a radius of -800A. We also see that 
the most important contributions to AGm are, in this example, 
the free energy of formation of the double layer and the free 
energy of the double layer interactions. The entropic 
contribution is not important at large radius of droplets and 
only becomes significant when the droplet radius is smaller 
0 
than -250A . 
c . Characterization of Microemulsions 
Many methods have been used to characterize 
microemulsions. Among others : light scattering techniques 
appear to be very useful in the determination of physical 
parameters, such as particle size , molecular weight of 
suspended particles, virial coefficients, interactions 
between particles , and polydispersity of the system, etc . . We 
have performed classical time-average light s~attering and 
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Fiqure 16. Free enerqy of formation of an o;w microemulsion, 
6Gm, as a function a£ radius R of the droplet. 
Different contributions t o 6Gm are included. 
Parameters used : surface potential 70 mV; volume 
fraction of oil 0.3; interfacial tension 10-3 
dyne/em; -13 Hamaker constant 10 erq; Debye lenqth 
in water -6 -4 4x10 em; Debye lenqth in oil 10 em; 
temperature 300 K(37). 
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epectroecopy(PCS) measurements on W/ 0 microemuleion systems 
composed cf aqueous sodium chloride , heptane, hexylamine and 
sodium dodecyl sulfate(SDS). A fairly detailed discussion 
about time-av erage and dynamic light scattering is presented 
in Article IV of this dissertation . 
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MICROEMULSIONS WITH HIGH WATER SOLUBILIZING 
CAPACITY AT HIGH HYDROCARBON LEVELS AND 
VERY LOW SURFACTANT CONCENTRATIONS 
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Phase dia9rams have been determined showin9 the extent 
of the inverse micellar or micrQemulsion reqion for systems 
consisting of water, surfactant, and cosurfactant or mixture 
of cosurfactant and hydrocarbon with three surfactants and 
four cosurfactants. The surfactants are sodium dodecyl 
sulfate , sodium laurate, and ~etradecyltrimethylammonium 
bromide, while the cosurfactantis are pentaraol , hexanol , 
pentylamine , and hexylamine. He~lamine is found to be a very 
effective cosurfactant qivinq rise to very qood water 
solubilizing capacity at extremely low surfactant 
concentrations and very low cosurfactant levels at rather 
hiqh initial hydrocarbon levels . 
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INTRODUCTION 
Microemulsions have been studied extensively since their 
introduction by Hoar and Schulman(l). Some fairly extensive 
reviews and/or overviews are available(2-4) which qive the 
historical backqround and a fairly up to date presentation of 
the state of knowledge about microemulsions. Ionic 
surfactants qenerally require use of a cosurfactant to form 
microemulsions and the emphasis has been heavily on medium-
chain-lenqth alcohols(5,6) with possibly some use of qlycol 
type compounds or organic acids even occasionally tertiary 
aminea(7 ,8). Microemulsions typically require 6-10X by weight 
of surfactant and 8-14~ cosurfactant(4). Friberq and 
Buraczewska(9) have also observed that, as the hydrocarbon 
level qoes above SOX of the components other than water, the 
ability to solubilize water decreases sharply. This limits 
the ability to dilute the microemulsion system with the 
hydrocarbon or to add larqe amounts of water. 
Greatly enhanced water-solubilizinq ability is observed 
at hiqh hydrocarbon levels when quaternary ammonium salts are 
used in place of the more common anionic surfactants (10,11). 
These systems still require the usual amounts of surfactant 
and cosurfactant. However, as recently pointed out(l2), use 
of hexylamine as cosurfactant in place of the more commonly 
used medium-chain-length alcohols holds promise of greatly 
reducinq the problema asaociated with solubilization of water 
at hiqh hydrocarbon levels . The present paper reports a study 
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of the phase d ·iaqrama of some common surfactant& using 
hexylamine, pentylamine, pentanol, and hexanol a s 
coeurfactanta in an effort to learn the reason for the great 
effectiveness of hexylamine under the condi tiona used in 
these experiments . 
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MATERIALS AND METHODS 
Materials. The sodium dodecyl sulfate ( SDS) was BDH 
spacially pure and was recrystallized t wi c e from absolute 
ethanol before use . The sodium laurate(SL), pentylamine , 
hexylamine , and pentanol were purchased from Sigma Chemical 
Company and used as received . Tetradecyltrimethylarnmonium 
bromide (TTMAB) was also purchased from Sigma but was 
recrystallized by dissolving in a minimal amount of methanol 
then adding diethyl ether unti 1 precipitation occurred. After 
filtration, the residual ether was removed from the 
precipitate by evacuation in a desiccator. This process was 
repeated until a plot of surface tension vs. the logarithm of 
surfactant concentration showed no minimum. Pentanol and 
heptane were purchased from Fisher and used as received . The 
water was double distilled, once from an acidic permanganate 
solution and once just as a simple d i stillation from an all-
glass system. 
Methods . For the titration experiments, dry surfactant 
was weighed into srew-cap culture tubes, the requisite amount 
of cosurfactant or hydrocarbon-cosurfactant mixture added, 
then the water was added dropwise . Samples were stirred 
vigorously on a vortex mixer after each addition of water. The 
end point of titration was taken to be the appearance of 
permanent turbidity or optical birefringence as observed 
between crossed polarizers. At the end of a titration the 
samples were stored for several days to be sure that the 
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turbid! ty or optical birefrinqence was indeed permanent. As a 
further check on the systems with hexylamine as cosurfactant 
particularly, several aeries of samples were prepared for 
long-term storage. In a given series the surfactant-
coaurfactant ratio was held constant and varying amount of 
water added at concentrations below those which gave 
turbidity or optical birefringence in the titration. These 
were stored for the periods of time indicated in Table I in 
each case to see if phase separation occurred . The results of 
the long-term storage experiments generally agreed with the 
titration resul ta within 2 or 3~. The long-term storage 
results are the ones presented wher e there was a difference . 
All measurements were carried out at 23±1°C . 
so 
RESULTS 
The microemulsion reqions for the system water-SDS-
cosurfactant are shown in Fig. 1 with the four cosurfactants . 
With hexylamine there is definitely is a normal micellar 
reqion and a lamellar liquid crystalline phase , but the 
maqni tude and properties of these regions are beyond the scope 
of this work and will be reported in a later publication. The 
existence of these various regions is possible with the other 
cosurfactants but has not been investigated in this work . The 
diagrams shown in Fig .1 lie in the base plane of a four-
component diagram . Results for the systems with water-SDS-
heptane(2SX)-cosurfactant(7S%) are shown in Fig. 2 while 
those for heptane( SOX) -cosurfactant( SOX) appear in Fig . 3 and 
those for heptane(7S%)-cosurfactant(2S%) appear in Fig . 4. 
The pseudoternary phase diagrams with water-SL-
heptane(7S%)-hexylamine(2S%) as well as the same diagram with 
TTMAB as the surfactant are shown in Fig . S . Fig. 6 for 
heptane(SS%)-hexylamine(lS%) shows that the ability to 
solubilize water still drops rather dramatically as 
hydrocarbon levels rise above 75% even with hexylamine as 
cosurfactant, particularly for SL ar~ TTMAB . Fig . 7 presents 
phase diagrams for TTMAB at 0, 2S , and SO% heptane. The figure 
is a bit busy but the results at SO% heptane are shown as an 
inset so that the shape of the phase diagram in the region of 
maximum water solubilization is clearly visible . 
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For systems involvinq SDS or SL the composition of each 
system at the point of maximum water solubilization is qiven 
in Table I, while the results for TrMAB are qi ven in Table I I. 
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Fiqure 7. Size and shape of the microemulsion or L2 reqion 
in the system water-TTMAB-heptane-hexylamine as 
a function of heptane level . 
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Water SDS CoS Heptane 
Water-SDS-CoS 
67 . 8 1.0 31.2 
39 . 1 15 . 2 45.7 
82.1 5.9 12 . 0 
Water-SDS-Heptane(25~)-CoS(75%) 
92.0 0.8 5.4 1.8 
43.1 14 . 8 31.6 10.5 
50.1 11.4 28 . 9 9 . 6 
Water-SDS-Heptane(50~)-CoS(50%) 
85.0 1.8 6.6 6.6 
41.4 13 . 5 22 . 6 22.6 
43 . 5 11.3 22 . 6 22 . 6 
74.1 5.1 10.4 10.4 
SL 
TABLE I (continued) 
0. Water-SDS-Heptane(75X)-CoS(25X) 
30 days Ha 60 . 0 2.8 9.3 27.9 
Titration c6oa 21.2 10 . 2 17.1 51.4 
Titration c5oa 21.1 8 . 7 17.6 52.7 
Titration Pa 18.3 12.3 17.4 52.1 
E. Water-SL-Heptane(75X)-Ha(25~) 
30 days 85.0 3 . 6 10 .7 
CoS--coaurfactant, Ha--Hexylamine, Pa--Pentylamine 





System C~position at Maximum Water Solubilization for 
TTMAB a t the Various Hydrocarbon Levels Studied 
Percentage composition 
Hydrocarbon --------------------------------------------
level(~) Water TTMAB Hexylamine Heptane 
0 72 . 7 1.4 25 . 9 0 
25 80.5 2 . 0 13 . 1 4 . 4 
• • • 1.2 9 . 6 9 . 6 • • so 79 . 6 
so 91.3 1.7 3 . 5 3 . 5 
75 73 .9 0 . 7 6 . 3 19.0 
*Data for first tip or "maxima" . 
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DISCUSSION 
In the methode section mention was made of· checkinq 
titration results by lonq term storaqe for certain samples as 
indi~ated in Table I. Since the solutions which first showed 
turbidity durinq a titration were kept for aeveral days to be 
sure the turbid! ty was permanent, the water-solubilizing 
capacity or water solubility limit determined by long-term 
storage is always lese than that determined by titration where 
there is a difference. The system with heptane(85%)-
hexylamine(1SX) with SDS is the only system that showed a 
eiqnificant difference between the titration and lonq-term 
storaqe reeul ts. In that system titration gave 46% water 
solubilized at the maximum point, but a considerable deqree of 
phase separation occurred almost immediately. Long-term 
storage gave only 32% water solubilized at the maximum point. 
From Fiq. 1 it is obvious that in the systems consisting 
of water-SDS-coeurfactant, pentanol, pentylamine , and 
hexylamine are much more effective at solubi lizinq water than 
is hexanol. The maximum wa~er aolubilization oc.curs at a lower 
surfactant concentration with hexylamine than with pentanol. 
The microemuleion reqion may connect with the normal micellar 
region in the pentanol diaqram . Pentylamine and water are 
completely miscible so it is not surprisinq that the diaqram 
with pentylamine qi ves one lar9e solubility region connecting 
with water-SOS axis at approximately 33% SDS in reasonable 
agreement with the 11 terature ( 13). Comparison of Fiqs . 1 and 
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2 shows that there is no siqnificant change in the size of the 
microemulsion reqion when 25% heptane is added to hexanol or 
to pentylamjne . However, ther~ is a siqnificant enhancement 
of water-eolubilizing capacity when 25% heptane is added to 
hexylamine and a marked reduction in water solubilization 
with pentanol. This enhancement in water-solubilizing 
capacity with hexylamine is probably caused by the 
destabilization of the lamellar liquid crystalline phase due 
to the presence of heptane . In fact i f the water 
solubilization maximum did not occur at such a low surfactant 
concentration, the microemulsion region with hexylamine might 
connect with the normal micellar region. 
As shown in Fig. 3 the difference in the size of the 
microemulsion region with pentanol and with hexanol is not 
particularly striking at 50% initial hydrocarbon level . 
Pronounced differences in the associational structures of 
microemulsions stabilized with pentanol and w1 th hexanol have 
been reported( 5, 14) , using other surfactant& . It is not known 
if such differences exist with the present systems . As noted 
in the discussion of Fig. 1, pentanol competes very well with 
hexylamine in the absence of hydrocarbon, but as shown here in 
Fig. 3, the amine& are far superior to the alcohols at 
solubilizing water with 50% hydrocarbon in the cosurfactant . 
Hexylamine is also obviously superior to pentylamine, both in 
terms of the maximum water solubilizing capacity and in terms 
of the lower surfactant concentration required. 
The reduction 
hydrocarbon levels 
in water-solubilizing capacity 




cosurfactants when the results in Fig. 4 are compared with 
those in Fiq . 3 . Again there is no really siqnificant 
difference in the size of the microemulsion region with 
pent'lltlol and hexanol or for that matter with pentylamine. The 
great superiority of hexylamine as a cosurfactant for 
solubilizing water is certainly still obvious. The extremely 
low surfactant level required is still readily apparent also . 
The results shown in Fig. 5 for SL and TTMAB show that 
hexylamine is tremendously effective at solubilizing water at 
very low surfactant concentrations with these surfactant& as 
well at 75% initial hydrdearbon level . the decrease in water 
solubilizing capacity with increasing hydrocarbon level is 
further illustrated by comparing results for SDS from Fig . 4 
with those in Fig. 6 and by comparing the results for SL and 
TTMAB from Fig. S and 6. This comparison shows the change in 
going from 75 to 85% hydrocarbon . SDS does not lose ita 
effectiveness nearly as badly as do SL and TTMAB 1 but even so 
the decrease in water-solubilizing capacity is still very 
pronounced. 
The results shown in Figs. S and 6 do I however I point out 
that the tentative suggestion of the possible importance of 
something called complementarity of function put forth in a 
recent paper(l2) was premature. That suggestion was baaed on 
too few measurements on too few surfactant& and does not 
appear at the present time to be valid . 
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Reference has already been made to previous work(lO,ll) 
showing that, with pentanol as cosurfactant, the quaternary 
&mmonium salta qive much larger water solubilization at very 
high hydrocarbon levels than does the anionic SDS. Comparison 
of the resul ta summarized in Table I -and I I for hexylamine as 
cosurfactant shows that at SO% heptane and 75% heptane TTMAB 
is indeed somewhat superior to SDS at solubilizing water. The 
difference is not particularly striking and, as already 
discussed, at 85% heptane the situation is reversed with SDS 
being superior to TTMAB. 
The effectiveness of hexylamine as a cosurfactant would 
appear to hold great promise for industrial formulations 
where amines can be tolerated. Hexylamine does ha~e a pungent 
odor and all amines tend to be aggressive. These do pose 
limitations on the uses of hexylamine. However, if the factor 
or factors responsible for the effectiveness of hexylamine 
can be uncovered, then other compounds may possibly be found 
which can be equally effective but have fewer undesirable 
properties. 
The one feature that appears to correlate so far is the 
solubility of water in the various compounds used as 
cosurfactants in this study. From Fig. 1 we see that water is 
sparingly soluble in pentanol (11%) or hexanol (8%) while 
being quite soluble ( 62%) in hexylamine. In contrast, as 
previous mentioned, water and pentylamine are completely 
miscible. Thus hexylamine is seen to be in an intermediate 
poai tion between the two extremes as far as ability to 
66 
dissolve water is concerned. Neither of the alcohols nor 
hexylamine is appreciably soluble in water. Hexanol is 
soluble to the extent of 0.6-0.7~ byweiqht, hexylamine about 
1~, and pentanol about 1.5~. Therefore sparinq solubility in 
water may be a necessary condition for a compound to be a qood 
cosurfactant for W/0 microemulsion formation at hiqh 
hydrocarbon levels, but does not seem to to be a sufficient 
condition. These observations would appear to be in 
qualitative aqreement with the concept of the hydrophile-
lipophile balance (HLS) of surfactant systems as put forth by 
Shinoda et al. ( 15). 
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SUMMARY 
In all surfactant systems studied so far in our 
laboratory, hexylamine has been found to give excellent 
water-solubilizing capacity at high hydrocarbon levels with 
extremely low surfactant concentrations and very low 
cosurfactant levels. In general, hexylamine has been far 
superior to either pentylamine , pentanol, or hexanol in this 
regard. This superiority of hexylamine is observed with both 
the aliphatic hydrocarbon heptane and the aromatic 
hydrocarbon toluene(l2). It has been observed with SDS, with 
the carboxylate salt sodium laurate, and with the quaternary 
ammonium salt tetradecyl trimethylammonium bromide. Of the 
possible factors which could be responsible for this 
behavi·or, the one that has been found to correlate to date is 
good solubility of water in the cosurfactant coupled with 
sparing sol ubi li ty of the co surfactant in water. 
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Conductivity measu~ements on the microemulsion system 
composed of sodium dodecyl sulfate , hexylamine , heptane, and 
water are interpreted in terms of the percolati.on and 
effective medium theories. From this interpretation, the 
molar ratio of hexylamine to sodium dodecyl sulfate in the 
microemulsion droplet surface can be deduced . Following that 
determination it is possible to obtain approximate values for 
the radius of the water pools and the number and surface area 
of droplets per unit volume of microemulsions of the system. 
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INTRODUCTION 
The common microemulsion systems containing 
intermediate chain length alcohols as cosurfactants reach a 
maximum water solubilization usually about 60~ with 
concentrations of surfactant higher than 15~ and of 
cosurfactant around 25X( 1) . In a previous study(2), we 
reported a novel microemulsion system consisting of sodium 
dodecyl sulfate(SDS), hexylamine, heptane, and water. The 
sy~tem exhibited some unusual properties, such as very high 
water solubilization at a very low surfactant concentration. 
The system could reach a maximum water solubilization higher 
than 90~ while the surfactant concentration was as low as 
about 1 . SX and the cosurfactant one less than 7% starting with 
a hydrocarbon-cosurfactant mixture that was 25% heptane and 
75X hexylamine. 
Since the discovery of microemulsions, many different 
techniques have been used to investigate their structures. 
Among these, conductivity measurement provides a particularly 
convenient, and useful tool for investigation of structure 
and phase inversion phenomena in microemulsions(3-5). Our 
~icroemulsion system is characterized by a continuous 
solubility region from high hydrocarbon levels to high water 
contents. It appears reasonable to expect structure 
inversions. 
It has been shown that for some mlcroemulsion systems 
conductivity behavior can be described in terms of 
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percolation and effective medium theories ( 3, 6, 7) . In the 
present study we propose a simple model for our systems and 
find that the conductivity data can be fitted nicely by the 
effecti ve medium formula. Moreover, the molar ratio of the 
hexylamine to SDS in the interfacial film can be evaluated 
using this approach. With this ratio known, we are able to 
calculate approximately the droplet size and the number of 
droplets per unit volume of microemulsions based on the 




Hexylamine was purchased from Eastman Kodak (Cat.no.ll7 
7559, 99%) and used as received. Haptane was from 
Fisher(Cat.no. 03008) and used without further purification. 
Sodium dodecyl sulfate was purchased from BDH and 
recrystalized twice with absolute ethanol. Water was tr1ple 
distilled. 
Conduct! vi ty was measured by using a Kent EI l 5007 
conductivity meter operating at 70Hz or 1 kHz and a 
temperature compensated to 25°C. Each experiment was done 
while keeping the ratio of SDS to hexylamine constant. Water 
was added to the sample until the composition of the system is 
close to the boundary of the microemulsion region where 
turbidity due to phase separation is observed. 
Phase diagrams were determined at 25°C by the titration 
method, as described elsewhere( 2). 
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RESULTS 
Curve a of Fig 1 shows the tertiary phase diagram for · 
the system consisting of SDS, hexylamlne(Ha), and water. 
Curves b, c, and d show pseudotertiary phase diagrams of the 
systems containing different amounts of heptane(Hp) . From 
these diagrams it is seen that water is soluble in pure 
hexylamine up to around 63%. However, addition of heptane to 
hexylamine progressively reduces this water sol ubi li ty. It is 
interesting to note that a linear relation exists between the 
water solubility and weight ratio of heptane to heptane plus 
hexylamine, when no surfactant is present, as shown by curve 
(1) in Fig. 2 . It is noticeable ~hat the maximum contents of 
sol ubi li zed water in these microemul sion systems are very 
high even when the oil level is high and the surfactant 
concentration is very low. Curve ( 2) in Fig. 2 shows the 
variation of the maximum water solubilization into the 
microemulsion with the heptane content as determined from the 
four phase. diagrams of Fig. 1. This water solubilization first 
increases and reaches a maximum at a hydrocarbon level about 
25%, then decreases to about 60% when the ratio of Hp/(Ha+Hp) 
is equal to 75% . 
Figs . 3 to 8 show some typical conductivity data from the 
present microemulsions. Detailed discussion about these data 









Fiqure 1. Partial pseudotertiary phase diagrams of the 
system composed of sodium dodecyl sulfate(SDS), 






Fiqure 2 . Solubility of water as represented on the phase 
diagrams of Figure 1 . (1) solubility of water 
in the mixture of hexylamine and heptane with 
no surfactant present . (2) Maximum water solub-
ilization into the microemulsions . 
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DISCUSSION 
Conductivity behavior of emulsions and microemulsions 
have been studied by some lnvestigators using various 
models(3 , 8 , 9 , ) . It is expected that microemulsions must have 
different conductivity properties from emulsions since 
structures of microemulsions and emulsions are ve r y 
different. As indicated by some authors( 10), oil 
continuous(W/ 0} type microemulsions show much more 
complicated conductivity behavior than o;w type. For the 
present systems it is believed that the microemulsions are W/0 
type at low water concentrations . Nevertheless, for our 
systems we find that the percolation and effective medium 
theories, whi ch were developed for semiconductor-metal 
transitions observed in inhomogeneous systems and for 
transport properties in amorphous solids(ll}, can be used to 
explain the conductivity behavior. According to Clausse and 
co-workers(?} , the present microemulsions should belong to 
the U-type system which 1 s characterized by a phase diagram in 
which the w;o and o;w areas merge into each other and form a 
unique domain and the conductivity behavior of such U-type 
microemulsions can be described by percolation and effective 
medium theories . Our results agree with such an 
interpretation as wi 11 be shown in the following sections. 
It is well known that a microemulsion is a transparent 
liquid disper$ion system of two immiscible liquids(l2), such 
as oil and water, containing amphiphilic molecules as a third 
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or fourth component. In applying the percolation and 
effective medium theories to such a system, let us first 
consider the low water concentration region. When water 
concentration is low, the microemulsion can be oil 
continuous. Thus the disperse phase consists of water 
droplets surrounded by amphiphilic molecules. These droplets 
behave as the electrical conducting constituents in the 
system. If the volume fraction , f, of the disperse phase is 
below a critical value called the percolation threshold , and 
designated fp' the conductive droplets are isolated from each 
other and contribute little to conductance. However, when the 
volume fraction of the disperse phase reaches and exceeds the 
percolation threshold, some of these conductive droplet~ 
begin to contact each other and form clusters with many 
conduction paths. Conductivity therefore begins to increase 
rapidly from an almost zero value to some much higher level. 
This phenomenon can be seen from Figs. 4 to 8 . 
Lagourette et al.(3) state that in the vicinity of the 
percolation threshold the relation of conductivity, o, to 
volume fraction, •, can be described by the scaling equation: 
t 
0 - <• - • ) p ( l) 
where tis usually equal to 8/5 (3, 6). Our results are in 
agreement with this equation, as shown in Fig. 3, where a 
straight line is found in the range of medium values of •. 


















Figure 3 . Plot of o 5/ 8 vs. volume fraction of water, f 
(See Eq. 1). 
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a • (f - f ) p 
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(2) 
fits the conductivity data(3). Figs. 4 to 8 show this 
relation. The valid range of Eq.(2) overlaps with that of 
Eq. ( 1). 
From the effective medium theory, the conductivity for 
a binary composite can be expressed as ( 3, 7, 13, 14) 
a - a c 
3o ( 3) 
where oc and od are the conductivity of the continuous phase 
and disperse phase, respectively. For the present systems, od 
is much larger than oc since the continuous phase is oil which 
shows almost zero conductivity. Thus the above equation can be 
reduced to 
(4) 
Obviously, the plot of o against <•-1/3) should be a straight 
line passing through the origin and with the slope equal to 
3od/2 if the conductivity behavior of the system obeys the 
equation. Comparing Eq.(4) with Eq.(2), it seems that the 
percolation threshold is equal to 1/3. 
Since the volume fraction f of the disperse phase is not 
obtained directly from these experiments, it is necessary to 
calculate it from the weight fractions. To do this, the 
following assumptions have been made. 
(a). All SDS is in the interphase between the -water core 
and oil phase. 
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(b) . The cosurfactant hexylaMine distributes among the 
continuous phase(oil), interphase, and disperse phase. 
However, since the solubility of hexylamine in water is 
negligible (less than lX at 25°C), the amine is considered 
only present in the interphase and in the oi 1 phase . 
(c). The interphase is composed of SOS and hexylamine. 
Thus the average molar ratio of SOS to hexylamine, l, in the 
interphase phase is given by 
where N~~t is the mole number of hexylamine in the interphase 
and Ns is the mole number of SOS in the system . 
With the above model we can derive a formula to calculate 
the volume fraction of the disperse phase : 
( 5) 
where pt and pd are the densities of the microemulsion system 
and the disperse phase . The weight fractions of SOS and water 
in the system are fs and fw' respectively, while the weight 
fraction of hexylamine in the interphase is f~~t M__ and M 
-ria s 
are the molecular weight of hexylamine and SOS. As an 




the density of water at 25°C is near 1.0 g/ml, that of SDS is 
1.16 gjml ( 16), and that of hexylamine is 0. 766 gjml. With t}:lis 
equation, we are able to evaluate the volume fraction of the 
disperse phase(water core plus interphase) if an appropriate 
value of the structural parameter f is chosen. Hence we can 
plot o against (f-l/3), as shown in Figs . 4 to 8. From these 
figures, it is seen that the parameter r can be determined by 
fitting the experimental data with the reduced effective 
medium Eq. (4), that is, by trying different J values until the 
straight line passes through the origin. From Eq. ( 4) the 
conductivity of the disperse phase, od, can be calculated from 
the slope of the straight line. Data from systems with the 
ratio of SDS to (Ha+Hp) equal to 20/80 are plotted in Fig. 9. 
It is interesting that od shows a linear relation to t he ratio 
by weight between SDS and hexylamine in the system . This 
result confirms the previous assumption that all SDS is 
essentially present in the interphase. Since SDS is ionic and 
largely ionized in contact with water core, the conductivity 
o! disperse phase, od, will increase with increasing 
concentration of SDS in the system. A simi tar result was 
observed by Clausse, et al . ( 3). 
It may be questioned how the parameter J can remain 
unchanged while the water content varies over a rather wide 
range and the ratio of SDS to hexylamine is held constant. 
This can be interpreted qualitatively. When water 





-0 . 1 0 0.3 
(f-1/3 ) 
Figure 4 . Conductivity , o, versus <•-1/3) for the system 
containing SDS, hexylamine(Ha), and water, with 
the weight ratio SDS/Ha equal to 20/80 . 
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0 . 6 
J=l J=2 
0 
- 0.1 0 0.3 
(f-1/ 3) 
Figure 5. Conductivity, o, v ersus <•-1/ 3) for the system 
containing SDS, hexylamine(Ha) , heptane(Hp) , and 
water , with the weight ratio HpjHa = 25/75 and 
SDS/(Hp+Ha) = 20/80. 
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- 0 . 1 0 0.3 
Figure 6 . Conductivity , o, versus (f-1/3) for the system 
containing SDS, hexylamine(Ha), heptane(Hp), and 
water , with the weight ratio Hp/Ha = 25/75 and 




-0.1 0 0.3 
(f-1/3) 
Fiqure 7. Conductivity, o, versus (f-1/3) for the system 
containinq SOS, hexylamine(Ha), heptane(Hp), and 
water, with the weiqht ratio Hp/Ha = 37.5/62.5 
and SDS/(Hp+Ha) = 20/80. 
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J=l 1 =2 
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0 
-0.1 0 0.3 
Fiqure 8. Conductivity, o, versus (f-1/3) for the system 
containing SDS, hexylamine(Ha) , heptane(Hp), and 
water, with the weight ratio HpjHa = 50/50 and 
SDS/(Hp+Ha) = 20/80. 







0 . 1 0 . 6 
SDS/ Ha (W/ W) 
Fiqure 9. Conductivity of the disperse pha~e, od, versus 
the weight ratio SDSjHa for the microemulsion 
system with the weight ratio SDS/ (Hp+Ha)=20/ 80 . 
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larger whereas the number of them decreases due to clustering 
of small droplets so that it is possible to maintain the 
~onstant ratio of hexylamine to SDS in the interphase during 
the addition of water. The constancy of J is actually in 
agreement with the result observed by Lagues and coworkers(6) 
and Shah et al . (l6). A quantitative interpretation of this 
observation will be given later. 
It is noted that the parameter J increases when the ratio 
of hexylamine to SDS increases. For example , in Figs. 5 and 6, 
f increases from about 2 . 0 to 3 . 5 when the ratio Ha/ SDS 
changes from 60/20 to 63.75/ 15 for the systems with Ha/Hp 
equal to 75/25. This is understandable because, for a given 
amount of water (assume that the water droplet is spherical), 
the surface area of water cores is fixed if the system is 
monodisperse . To cover this area, more hexylamine molecules 
will be needed if there are not enough SDS molecules 
available . Since the area of the polar head of the hexylamine 
molecule is smaller than that of the SDS molecule, l wi ll 
increase rapidly with the ratio Ha/SDS. Similar results have 
been obtai ned for other systems with different ratios of Ha to 
(Ha + Hp). The increase in l with increasing ratio Ha/SDS also 
explains the increase in od with increasing SDS/Ha since SDS 
is ionic while hexylamine is largely nonionized and 
conduction is mainly due to SDS. For a droplet with a given 
radius, if there are more SDS molecules in the interphase, 
then there are fewer hexylamine molecules. Therefore the 
conductivity of the disperse phase, ad increases . 
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We mentioned above that the parameter I is a constant 
when water content varies if the ratio SDS/Ha is kept constant 
and that the reason for this is due to the increase in water 
droplet size and to the decrease in droplet number. We now 
interpret this by quantitative calculations . 
To evaluate the radius of water droplets, we assume that 
the microemulsions are monodisperse and the water cores are 
spherical. Thus the total volume of water droplets is given by 
( 6) 
and the total surface area of these droplets is 
( 7 ) 
where R and Nd are the radius and number of water droplets , 
respectively. Combining these two equations gives 
(8) 
On the other hand, Ad can be obtained from consideration of 
the polar head area of the amphiphilic molecules covering the 
surface of water cores, assuming that the interphase is a 
monolayer film. Thus 
(9) 
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where NA is Avoqadro's number, A
8 
and ~a the areas of the 
polar heads of an SDS and a hexylamine molecule, respectively. 
Combine the last two eq~ations to obtain 
R = 3Wd/(NApdNs(As + r~a)} (10) 
where 
wd = w 9 + w + w Ha w 
= NSMS + Nint~ + W Ha a w 
= N (M + ™Ha) • w s s w 
Thus 
3(Ms + r~a + W._.!Ns) 
R = NApd(As + f~a) 
3{M + ~~a + ( fwffs)Ms} s 
= NApd(As + r~a> ( 11) 
where fw and f s have been defined in Eq. ( 5) . From conductivity 
data fitted by the reduced effective medium formula, Eq.(4), 
the. parameter J can be obtained when the ratio of Ha to SDS is 
held oonstant. Then if the following values are taken( 17), 
pd :: 1.0 gjcm 3 
0 
A :: 35 A2 
8 
~a :: 25 
02 
A 
we can calculate the radius of the water droplets for each 
composition. The results of two sample calculations are shown 
in Fig. 10 for the system with SDS/(Ha+Hp) =20/80 and the 







Figure 10. Calculated radius, R, of microemulsion droplets 
as a function of the weiqht fraction sf water, 
f,, for the system with the .rati.o Hp/Ha=20/80 
and the ratio SOS/(Hp+Ha)=20/80 for curve (1) 
and 15/85 for curve (2). 
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to heptane is equal to 75/25 for both of the systems. These 
calculated results of microemulsion droplet sizes are in good 
agreement with those commonly reporte~ in the literature 
(10,12). We see that the radius of the droplet is increasing 
with water weight fraction. Note that this radius increases 
more rapidly in the high water content range than in the low 
water content range . 
It is easy to show that the number of water droplets per 
unit volume of microemul sions is given by 
( 12) 
Thus the total surface area of droplets per unit volume of 
microemulsion is 
( 13 ) 
The · calculated results of Nd and Ad for the systems 
corresponding to Fig. 10 are shown in Figs. 11 and 12. It is 
seen that Nd decreases with water weight fraction , and Ad 
decreases with water weight fraction almost linearly. This is 
because the decrease in Nd outweighs the increase in radius . 
The general tendency of Rand Nd to change with water content 
is in agreement with the results obtained by Baker and co-
workers for a different system using light scattering 













Figure 11 . Variation of number of droplets per unit volume 
of microemulsions, Nd, with th~ weight fraction 
of water, fw, for the ~ystem with the weight 
ratio Hp/Ha = 25/75 and SDS/(Hp+Ha) = 20/80 for 












Figure 12. Variation of surface area of droplets per unit 
volume of microemulsions, Ad' with the weight 
fraction of water, fw' for the system with the 
ratio Hp/Ha = 25/75 and SDS/(Hp+Ha) = 20/80 for 
curve (1) and 15/85 for curve (2) . 
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S~RY 
For the present microemulsion systems, conductivity 
behavior can be described by the percolation and effective 
medium theories. In particular, the important parameter f of 
water droplet structure in microemulsions can be found by 
fitting the experimental data with the effective medium 
formula. The conductivity of the disperse phase can also be 
obtained. With the parameter l known, approximate 
calculations of water droplet size, the number and surfac e 
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ARTICLE III 
LAMELLAR LIQUID CRYSTAL AND OTHER PHASES 
IN THE SYSTEM SODIUM DODECYL SULFATE, 
HEXYLAMINE , WATER, AND HEPTANE 
BY 
Jiafu Fang and Raymond L. Venable 
Department of Chemistry 
University of Missouri-Rolla 




Phase equilibria have been studied for the system 
composed of sodium dodecyl sulfate, hexylamine, heptane, and 
water. Greatest emphasis has been placed on the lamellar 
liquid crystal region and low angle X-ray diffraction 
measurements. Equations are developed or modified to allow 
determination of the degree of penetration of water into the 
amphiphile double layer as a function of water or amphiphile 
concentration . It is found that the interfacial area occupied 
by the polar or ionic head groups of amphiphiles increases 
with increasing water content . 
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INTRODUCTION 
As mentioned in two previous reports(l,2), the present 
system composed of sodium dodecyl sulfate( SDS), 
hexylamine(Ha), water and heptane(Hp), exhibits some novel 
properties, such as very high water solubilization into the 
microemulsion at a very low surfactant content. Emphasis in 
the early work was put on the association structures of the 
reverse micellar or microemulsion regions. Important 
structural parameters, such as the molecular ratio between 
SDS and Ha in the interfacial film of microemulsion droplets, 
and the size of these droplets, were estimated via 
conductivity measurements on these microemulsion systems. In 
the present work, special attention has been paid to the 
liquid crystal region. Experimental results obtained from low 
angle X-ray diffraction and phase equilibrium studies are 
reported. 
Although general features of lyotropic lamellar liquid 
crystal structures are well known(3,4,5), information about 
the details of the structure, such as conformation of the 
carbon chains of amphiphi le molecules, interactions among 
these molecules, solubilized hydroc~rbon, and solvent, 
usually water, is not easy to obtain. Solubilized hydrocarbon 
may have a great deal of influence on the structure of liquid 
crystals. For example, in Friberg's pioneering work (6) about 
the effect of solubilized hydrocarbons on the structure of 
lamellar liquid crystals, ne and his coworkers pointed out 
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that addition of certain hydrocarbons to a particular liquid 
crystal may lead to a change in the angle between the normal to 
the bilayer interface plane and the molecular axis of the 
amphiphiles. In the present system, effects of solubilized 
hydrocarbon on the lamellar structure and the interactions 
between amphiphile and water molecules will be studied. 
Particularly, water penetration into the amphiphile bilayer 
is considered . A modified equation relating the interlayer 
spacing to water and amphiphile concentrations is derived. 
Thus it becomes possible to estimate the extent of water 
penetration at constant ratio of SDS to hexylamine plus 
heptane. If the measurements of the interlayer spacing are 
made at constant ratio of SDS to water, an approximate 
equation, which is also developed in this work, may be used to 
evaluate the limiting values of the thickness of the bilayer 
composed of pure SDS or of pure hexyamine. 
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Experimental 
Materials. Hexylamine was purchased from Eastman Kodak 
(cat. no . 117 7559, 99%) and used as received. Heptane was 
from Fisher(cat. no.03008) and used without further 
purification. Sodium dodecyl sulfate(SDS) was purchased from 
BDH and recrystalized twice with absolute ethanol. Water was 
triple distilled. 
Methods. Unlike the determination of reverse micellar 
or mi croemulsion regions, where the titration method is 
useful(1), determination of liquid crystal phases is more 
difficult and tedious mainly due to the high viscosities 
encountered. A quick search for the possible liquid 'crystal 
region could be done by titration and centrifugation, 
followed by microscopic examination between crossed 
polarizers. Then series of samples were prepared along lines 
radiating from each corner of the triangular phase diagram in 
the approximate boundary area of liquid crystal region, 
followed by centrifugation, long time storage, and careful 
microscopic examination. Lamellar and hexagonal liquid 
crystals can readily be distinguished from each other by the1r 
different microscopic patterns('3). 
The normal micelle or L1 region was determined in a 
similar way to that of the microemulsion or L2 area, but 
centrifugation was required because of foam formation in this 
region. In order to locate the extremely narrow isolated, 
isotropic liquid phase (see Fig. 1), samples were prepared 
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with very small SDS concentration increments, down to 0 . 05%. 
· Lonq time storaqe was also necessary. 
X-ray diffraction patterns were determined usinq a 
Kiessiq low anqle camera from Richard Seifert(?). Ni-filtered 
Copper Ka radiation was used and the reflection measured by a 
Tenneiec position sensitive detection system (Model PSD-100). 
A small amount of a liquid crystal sample was sucked into a 
thin wall glass capillary. Then the capillary with the two 
ends sealed was mounted on the sample holder for determination 
of the diffraction pattern. Bragg's law was used to calculate 
the interlayer spacing: 
l. = 2d sine ( 1) 
0 
where l. = 1.542 A and 9 is the diffraction angle . For the 
camera used in this experiment, e is calculated using the the 
following equation : 
tan(29) = 
where De (em) is the measured distanck between 




sample to the detector, x (mm) the correction factor for the 
path lE:ngth, and Zc the conversion factor from the detector to 
the recorder. Zc can be callibrated by measuring the powder 
diffraction pattern with a sample o£. known d-spacing. 
Some comments about. t ·h'e; preparation of liquid crystal 
' 
samples for X-ray diffracti_on is in order . A liquid crystal 
sample was prepared bj we-ighing the desired amounts of SDS, 
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hexylamine (or the mixture of hexylamine and heptane), and 
water into a test tube with a screw cap. The sample was then 
mixed on a vibromixer, followed by centrifuging with a 
microcentrifuge so that any solid SDS powder or liquid 
droplets sticking on the wall of the test tube collected on 
the bottom. Such procedure was repeated several times until 
the sample appeared homogeneous. A final centrifugation step 
was done with a high speed centrifuge so that all bubbles were 
driven out of the liquid crystal sample. Then the sample was 
thermostated for several hours to reach equi 1 ibrium in a water 
bath at 25°C. If the sample was too thick to be mixed well on 
the vibromixer, a specially constructed glass tube was used. 
The tube with one end previously sealed had a constriction in 
the middle. SDS powder was first weighed into the tube, which 
was driven through the constriction into the bottom using a 
thin stick. Then two liquids were weighed into the tube. The 
open end of the tube was sealed with parafilm and the tube 
placed in a microcentrifuge with this end up so that all 
components were collected on the bottom after centrifugation, 
leaving the upper portion of the tube clean. Then the tube was 
quickly sealed with a flame. In this way no component would be 
decomposed or lost during sealing. Centrifugation of the 
sample back and forth through the constriction at a high speed 




Phase Equilibri~. Fig. 1 gives the phase diagram for the 
system containing SOS, hexylamine, and water . The magnitude 
of the lamella-r liquid crystal region is quite large. No other 
liquid crystal phase has been found in the system. It is 
interesting to note that there exists an e?<tremely narr,ow 
isolated, optically isotropic liquid phase spanning from 
about 78% to 95% water, with an SDS content below 1.0%. This 
region is so narrow that it will appear only as a line in the 
lower left hand portion of the phase diagram. A solubility 
test of the oil soluble dye Sudan 4 in the three-phase area 
composed of the three isotropic liquid layers showed that the 
middle phase represented by the narrow isolated liuid phase, 
is probally an o;w type microemulsion {8), because the dye was 
very sparingly soluble in this layer. No further study of this 
phase has been attempted. 
Low Angle X-Ray Diffraction Results. For most cases 
only the first diffraction line was observed although 
sometimes a much weaker second line was obtained. X-ray 
diffraction data for such systems are typically presented as 
plots of the d-spacing vs. the water weight fraction over the 
fraction of all other components{9-15). Results for the 
lamellar liquid crystalline region from Fig. 1, which 
contains no heptane (System A) are shown in Fig. 2. In Fig. 3 
results are shown for System B where 5% heptane has been added 
to the hexylamine while £1g. 4 shows the results obtained with 
10% heptane added to the hexylamine (System C). 
Hexylamine 
' ~amellar Liquid Crystals \ \ 
-- -
__ ... __ _ 
Water SDS 
Figure 1. Phase diagram for the water-SDS-hexylamine 
showing the L1 and L2 phases, a lamellar 
liquid crystalline phase and a very small 








Figure 2. Inteclayer spacing, d, vs the ratio of water 
weight fraction to the fraction of all other 
components, fwf(l-fw), for System A(No heptane 
present). at weight ratios of SDSjHa: 







Figure 3. Interlayer spacing, d, vs the ratio of water 
weight fraction to the fraction of all other 
components, fwf(l-fw), for System B(Hp/Ha= 
5/95) at weight ratios of SDS/(Hp+Ha): 







Figure 4 . Interlayer spacing, d, vs the ratio of water 
weight fraction to the fraction of all other 
components, f,/( 1-fw), for System C(,HpjHa= 
10/90) at weight ratios of SDS/(Hp+Ha·) : 




It is well known (}0-17) that the structure of lamellar 
liquid crystals of amphiphile-water systems consists of 
indefinitely expandable, parallel double layers of 
amphiphiles (plus solubilized hydrocarbon, if any) with 
layers of water intercalated between the amphiphi le b i layers 
at regularly repeating distances . As a first approximation, 
one may. assume no mutual penetration between the amphiphile 
bilayer and aqueous layer. All amphiphi le molecules take such 
a position that their hydrocarbon chains lie in the interior 
of the double layer while the polar or ionic groups are 
anchored at th'! interface between the bilayer and aqueous 
layer and interact with water molecules . If hydrocarbon is 
dissolved into the liquid crystal, it must go to the interior 
of the amphiphile double layers . With the above picture of the 
lamellar liquid crystal structure, it is easy to derive an 
equation relating the interlayer spacing, 
concent'rations of the constituents ( 9 , 16): 
d = d / f 0 0 




is the thickness of the amphiphiJe bilayer, and •o 
the sum of the volume fractions of the substances forming the 
double layer. The quantity • 0 is given by 
nV +n..V +n..V 
s s Ha Ha Hp Hp 
nV +n..V +n..V +nV 
s s Ha Ha Hp Hp W w 
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= (4} 
where Vi is the partial molar volume and ni is the number of 
moles of component i and n
0 
is the total number of moles and V 
0 
the mean partial molar volume of the organic components. The 
quantity • 
0 
may also be written as 
uw 
•o = 1/(l + u 
0 
( 5} 
where fw is the weight fraction of water in the system, uw is 
the partial specific volume of water and u
0 
the mean specific 
volume of the constituents of the amphiphile bilayer of the 
organic components and is given by 
u = v 1M . 0 0 0 
M
0 
is the corresponding average molecular weight of the 
constituents of the amphiphi le bilayer given by 
(6) 
Substitution of Eq. (4} into Eq. (3) gives 
( 7) 
If the X-ray diffraction measurements are made on systems 
obtained by adding water to the system at a constant ratio of 
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hexylamine to SDS, and if there is no penetration of the water 
into the amphiphile bilayer, or vice versa, then d
0
, ow, and 
u 0 all remain constant. A plot of d v.ersus f._!( 1- fw) should be 




) and intercept at zero 
water concentration is d
0
. Figs . 2, 3, and 4 gives such plots . 
However, penetration of water into the amphiphile 
bilayer may not be neglected for the present system . One 
possible reason for this may be the fact that water is much 
more soluble in hexylamine than in medium chain length 
alcohols(l6) . There may also exist an appreciable solubility 
of SDS in the water layer. To show whether the mutual 
penetration between the amphiphile double layer and water 
layer exists, we need to examine Fig . 2, 3, and 4 closely . 
Before doing this, it is necessary to show that the volume of 
the system is additive so that the data treatment can be made 
much simpler. 
If the volume is additive, we have 
\) = 1/p ( 8} 
where u'! is the specific volume of component i, u is the 
1 
speci fie volume of the system, f . is the weight fraction of i, 
l 
and p and p '! are the densities of the sample and pure component 
l 
i, respectively. Thus, based on the assumption that volumes 
are additive, p can be calculated and compared with the 
experimental values if tr.e density of each component in the 
system is known. The calculated density should not deviate 
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much from the experimental one . This comparison is made on 
some microemulsion systems instead of liquid crystals because 
the high viscosity of the liquid crystalline phase makes 
density measurements very difficult . Fig . 5 shows the 
variat~n of the ratio between the experimental and 
calculated densities, pe/Pc' with the water ~eight fraction 
for some microemulsion systems . I t is seen from Fig . 5 that 
the discrepancy first increases when fw is small, then reaches 
some small and almost constant value . The effect of heptane is 
to decrease the discrepancy between pe and Pc· As shown in 
Fig. 6, it seems that the effect of increasi ng the ratio 
SDS/Ha (w/w) is also to reduce this discrepancy. The small 
positive density deviation means that there is a contractive 
volume effect upon formation of the microemulsion. The 
statement that the volumes in the rnicroemulsion region are 
additive is justified. We extend this conclusion to the liquid 
crystal region with confidence since Fig. 6 shows that 
increasing the ratio SDS/Ha (w/w) lowers the deviation , and 
the liquid crystal region appears at higher ratios of SDSjHa 
than does the microemulsion region. 
Thus in Eq . (7) , ow; o
0 
can be replaced by 
(9) 
where fi is the weight fraction of component i in the mixture 






Figure 5 . Ratio of experimental to calculated density , 
p / p , vs water weiqht fraction , f , in the 
e c w 
microemulsion or L2 reqion for systems with 
the weiqht ratio SDS/ (Hp+Ha)=20/ 80 and the 








'0 0 . 5 
Figure 6. Ratio of experimental to calculated density, 
p8 /pc' vs water weight fraction, fw, in the 
microemulsion or L2 region for systems with 
the weight ratio SOS/Ha: o--10/90, o--20/80 






) between Experimental and Calculated 
Values, and Values of the Proportional ity Constant b of 
Eq . ( 11) . 
SDS/Ha 
( o /o ) 
W' o e 
( o /o ) 
W' 0 c 
b 
SDS/(Ha+Hp} 
( o /o ) 
W' o e 
( o /u ) 
W' 0 c 
b 
System A: Hp/Ha = 0 
30/ 70 40/60 so;so 
0 . 803 0.750 0 . 749 
0 . 853 0.887 0.923 
0 . 060 0.184 0.230 
System B: HpjHa = 5/95 
40/60 5o;so 60/ 40 
0. 744 0.737 0 . 764 
0.881 0 . 915 0.958 
0 . 187 0 . 240 0 . 280 
60/ 40 70/30 
0.772 0 . 795 
0 . 963 1.006 
0 .245 0.250 
70/ 30 




TABLE I (continued) 
System C: Hp/Ha = 10/90 















If mutual penetration between the amphiphi le bilayer and 
water layer in the liquid crystal were negligible, the ratio 
uwfu 0 obtained from the slope of a plot of d vs. fwf(l-fw) 
should be close to the value calculated based on the 
assumption of no penetration and should increase with 
increasing the ratio of SDS/(Ha+Hp). This should be so because 
SDS has the highest density, 1. 16 g j cm3 ( 18), of any of the 
components of the system, and the specific volume of the 
bilayer, uo, should become smaller when the SDS content 
increases. Table I compares the experimental with calculated 
values of uwfu
0
, and two important facts are seen. First, the 
calculated value is always greater than the experimental one. 
Second, there is no obvious tendency for uw/u
0 
to increase 
with increasing the ratio of SDS/ ( Ha+Hp), and in some cases it 
even decreases. Such results may be expected if water 
penetration into the amphiphi le bilayer occurs. 
Considering water penetration into the bilayer and 
assuming a negligible solubility of the amphiphiles in the 
.- aqueous layer, Eq. ( 7) can be modified as follows. Because of 
.i 
the penetration of water, the actual volume fraction of the 
amphiphile bilayer, designated fb' must include a factor 
representing the penetration . Thus 
f =•(l+x) b 0 (10) 
where •o is the volume fraction of the bilayer without water 
penetration and x a factor giving the effect of this 
penetration. When there is no water penetration, x must be 
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equal to zero, so f.b = f
0
. As a first approximation, we further 
assume that the water penetration into the bilayer is 
proportional to the water content in the liquid crystal, that 
is, 
X = bf w 
where b is a proportionality constant. Thus 
which upon substitution of Eq. (5) becomes 





Therefore a straight line passing through the origin and with 
a slope equal to d should be observed if d is plotted against 
0 
the quantity in the brackets and the parameter b is chosen 
properly . Figs . 7, 8, and 9 show such plots for the three 
series of liquid crystals corresponding to Fig . 2, 3, and 4. 
It is seen that for the present systems, the straight line has 
an intercept on the d axis greater than zero if b is chosen to 
be zero. This means that water penetration into the bilayer 
has occurred, that is, a positive value of b must be chosen to 






Figure 7 . Interlayer spacing, d, plotted according to 
Eq. 13 for System A with the ratio of SDSjHa: 







Figure 8. Interlayer spacing, d, plotted according to 
Eq . 13 for System B with the ratio of SDS/ 







(1+~ _ w_ )/ (l+bf ) 
u0 1-fw w 
Figure 9 . Interlayer spacing, d , plotted according to 
Eq . 13 for S.ystem C with the ratio of SDS/ 
(Hp+Ha) : o--70/ 30, o--60/ 40, e--S0/ 50 , 
A--40/ 60 . 
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if the dissolution of the amphiphiles into the aqueous layer 
surpassed the water penetration into the bilayer , a negative 
value of b would be chosen. The values for the three series of 
systems are given in the last line for each system in Table I. 
Fig. 10 shows the thickness of the bilayer at zero water 
concentration , d
0
, versus the molar ratio hexylamine to SDS. 
These b and d
0 
values are obtained from Figs . 7, 8 , and 9 using 
the linear least squares method . 
From Table I it is seen that , when the molar ratio of SDS 
to hexylamine is low, the value of b is small . This value 
increases rapidly with this ratio at first and then more 
slowly. This is particularly obvious for the tertiary system 
A, which contains no hydrocarbon. When the liquid crystal 
contains a small amount of heptane (System B), the water 
penetration into the bilayer seems to be enhanced because a 
larger value of b must be used in order to make the straight 
line in Fig .7, 8, and 9 pass through the origin. This means 
that the presence of a small amount of heptane enhances the 
interact-ions between water and amphiphile molecules for these 
systems . A related result has been observed in the 
microemulsion region, where the addition of a small amount of 
heptane to the reverse micellar region at a SDS concentration 
increases the water solubilization into the microemulsion 
drastically (2) . It may be expected, however, that because of 
the hydrophobic nature of hydrocarbon, further increase in 
content of heptane will eventually lead to weakening the 
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Fiqure 10. Bilayer thickness, d0 , as a function of the 
molar ratio of hexylamine to SDS, ~a/ns, 
for: a--System A, A--System B, o--system C. 
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the water penetration into the amphiphi le double layer 
decreases ( 7}. This begins to be observed for System C in 
which the weight ratio Ha/Hp is 10/90. 
It is obvious from Table I that, for all three series of 
systems, increase in SDS concentration causes an increase )n 
water penetration into the bilayer. Since SDS is an ionic 
surfactant, its interactions with water should be expected to 
be stronger than those of the polar, but neutral, hexylami ne 
molecule. We will also see this effect in a later section 
dealing with the average interfacial area per polar group of 
amphiphilic molecules. 
Fig. 10 shows the plot of the interlayer spacing at zero 
water concentration, d
0
, versus the molar ratio hexylamine to 
SDS. The effect of thi s ratio is pronounced as d
0 
decreases 
almost linearly with increase in the ratio . Since the 
hexylamine molecules are shorter than SDS molecules, there is 
more space available for the tails of SDS molecule to move 
around and assume less extended configurations as the molar 
ratio of hexylamine to SDS increases . Therefore the thickness 
o!·the bilayer on average will decrease . 
Fig. 10 aleo shows the effect of solubilized hydrocarbon 
on the interlayer spacing at zero water concentration . A 
solubilized hydrocarbon molecule can either locate in the 
center of the bilayer and move around since it is in a liquid 
state and highl y disordered (7,15,19-23), or penetrate into 
the array of hydrocarbon chains of the amphiphiles. For the 
former case, an increase in inter layer spacing would be 
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expected. For the latter, little or no increase in inter layer 
spacing would occur. From Fig. 10 we see that a small amount of 
solubilized heptane in the liquid crystal causes an increase 
in interlayer spacing at zero water concentration . That i s, 
there certainly exist non-penetrating heptane molecules . 
Measuring the interlayer spacing at constant ratios 
between SDS and hexylamine p l us heptane makes data treatment 
easy because the thickness of the bilayer is constant dur i ng 
the addition of water to the system . We also did the 
measurements keeping the weight ratio of SDS to wa ter constant 
and varying the concentration of hexylamine . Although suc h 
measurements make data treatment more complicated because the 
thickness of the bilayer is no longer constan~. we can look 
further into the effect of hexylamine content on t he bilayer 
structure . Acc o r d i ng to the above analysi s, one may expect a 
decrease in interlayer spacing upon the addition of more 
hexylamine to the liquid crystal. This is s e en from Fig . 1 1 , 
in which the effect of water concentration is also obvious . 
However, the more important thing in making measurements 
under this condition is to extract some new information from 
the experimental results . By proposing a linear relation of 
the thickness d o f the amphiphi le bilayer to the volume 
0 
fraction of hexylamine i n the bilayer , we will show that it is 
possible to estimate the thickness of the bilayer of pu r e SDS 
or of pure hexylamine. 
For the i deal case, we may assume that neither water 
penetration into the bilayer nor dissolution of the 
70 
20 
0 0 . 4 
Figure 11. Interlayer spacing, d , vs weight fraction 
of hexylamine , fHa ' for System A for 
the weight ratio of SDSJH20 : o--30/ 70, 
A--40/ 60, o--so; so. 
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amphiphiles into the aqueous layer is appreciable. Under the 
condition of constant ratio between SDS and water, variation 
of hexylamine concentration and therefore the molar ratio 
n8/~a in the system, wi 11 cause the thickness of the 
amphiphile bilayer ,d
0
, to change. In order to relate this 
variation of d
0 
to the concentration of SDS and hexylamine, 
let us first consider the limiting cases. If there were no 
hexylamine present, the thickness of the bilayer would be 
equal to twice the length of the SDS molecules, which may take 
any particular conformations. We designate this thickness as 
d 0 On the other hand, if the volume fraction of SDS in the a· 
double layer was equal to zero, the bilayer thickness, ~a' 
would be twice the length of hexylamine molecules. Their 
conformations would be associated with the condition at which 
the extrapolation is made . The following equation satisfies 
these limiting conditions: 
(14) 
where • s and •Ha are the volume fraction of SDS and hexylamine 











For the ideal case where no mutual penetration occurs between 
the bilayer and aqueous layer, f
0 
is given by Eq. (4). With the 




and •aa can be calculated readily. Eq. (17) should 
I 
give a straight line if df
0 
is plotted versus ~Ha · Thus the 
value of d~ may be obtained by determining the inttercept after 
extrapolating to zero hexylamine concentration. The slope of 
such a plot gives -(d~-~a>· Therefore, ~a can be obtained 
either by combination of the intercept with the slope or by 
I 
extrapolation to •aa=O. These results are presented in Fig . 
• 
12, where a linear relation does exist if •aa is not taken 
close to the boundary of the liquid crystal region. From 
Eq. ( 17) it is expected that the straight line should be 
independent of the ratio between SDS and water . However, some 
deviation from this is seen in Fig. 12. The line at the weight 
ratio SDS;H20 equal to 40/60 is very close to that at SOS;H2o == 
SO/SO, but the line with SDS;H2o = 30/70 is obviously lower 
than the other two. This deviation might result from the 
nonideality of the liquid crystal system due to a different 
extent of water penetration at different ratios between SDS 
and water . 
Information about the mean interfacial area per polar 
group of amphiphi le molecules can be derived from the 
measurement of the interlayer spacing of the liquid crystal if 
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0 1 .0 
Figure 12 . Plots of d•
0 
v s •Ha ' acc ording to Eq. 17 for 
System A at the weight ratio of SDS/H20 : 
o--30/ 70, 6--40/ 60, o--so; so . 
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assume that no penetration occurs between the aqueous layer 
and the amphiphile bilayer and all hydrocarbon is 
incorporated within the interior of the bilayer. With these 
assumptions it is easy to derive an equation to calculate the 





is given by Eq. (6), and 
and u1 is the specific volume of component i, NA Avogadro's 
number, and d the measured interlayer spacing. The average 
interfacial area per polar group of amphiphi le molecules 
versus the molar ratio between water and the sum of SDS plus 
hexylamine for the three series of systems are presented in 
Figs. 13, 14 , and 15. In these figures the curves were 
calculated from computer fitted graphs of log( d ·) vs. log( f 
0
) . 
From these figures, some conclusions can be drawn . . First, the 
mean interfacial area per polar group of the amphiphi les 
increases with the molar ratio of water to the amphiphiles. 
This feature is in agreement with the one generally expected 
( 3, 15). Second, the higher the ratio of SDS to water, the 
larger the average interfacial area per polar group. This is 
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Figure 13. Calculated mean surface area per amphiphile 
molecule, S, vs ~20;(ns+~a) for System A 
at the weight ratio of SDSjHa: o--70/30, 
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Figure 14. Calculated mean surface area per amphiphile 
molecule, S, vs ~20;(n8+~a) for System B 
at the weight ratio of SDSjHa: 0--70/ 30, 
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Figure 15 . Calculated mean surface area per amphiphile 
molecule, S, vs ~2o/(ns•~a) for System C 
at the weight ratio of SDS/Ha: Q--70/30, 
o--60/40, e--S0/50, A--40/60. 
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stronger than those between hexylamine and water. Increasing 
the hydrocarbon concentration eventually leads to decreasing 
the interfacial area. This result is best seen by comparing 
Fig. 14 with Fig. 15, since the difference between Figs. 13 
and 14 are indistinguishable within the limits of 
experimental error. This effect of solubilized hydrocarbon on 
the interfacial area per polar group may be attributed to the 
hydrophobic nature of hydrocarbon which weakens the 
interactions of the polar group of amphiphilc molecules with 
water(6) so that the interfacial area decreases as 
hydrocarbon content increases. 
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SUMMARY 
Phase equilibrla have been investigated for the systems 
-composed of SDS, heo.xylamine, water, andheptane . Emphasis has 
been on the study of the lamellar liquid crystal region by 
means of low angle X-ray d i ffraction . It is possible to 
evaluate water penetration i n to t he amphi ph i le double layer 
of the lamellar liquid crystals using a modif i ed equati on 
relating the measured interlayer spacing to the water 
concentration or amphiphile content . Measurements of X-ray 
diffraction at a constant weight ratio between SDS and water 
are made more informative by means of the approximation that 
the thickness of the amphiphile bilayer is linearly 
proportional to the volume frac tion of SDS in the b i layer . The 
average interfacial area per polar group of amphi phi lie 
molecules is also calculated and the results show that this 
area becomes larger as water conc entration increases. 
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Time-average and dynamic light scattering measurements 
were used to determine molecular weights, diffusion 
coeffieients, and particle size or radii along with virial 
coefficients. The results are generally consistent with tbe 
hard sphere model of microemulsion droplets. Increasing the 
ratio of water to surfactant results in a larger droplet with 
each ionic surfactant molecule occupying a larger area in the 
interface. Negative second virial coefficients and positive 
third virial coefficients were observed. 
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INTRODUCTION 
Since their introduction in 1943 by Hoar and Schulman, 1 
microemulsions as they are called, have attracted much 
interest. Literature about microemulsions has been growing at 
a very fast rate in the last decade or so . 2 This is not 
surprising because 
importance. 3 
of their potential technological 
As pointed out by Shinoda and Friberg, 4 microemulsions 
can be viewed as colloidal dispersions consisting of 
apparently homogeneous systems of low viscosity, containing 
hydrocarbon ( oi 1), water, surfactant, and in many cases 
cosurfactant if an ionic surfactant is used. A microemulsion 
may have an oil-in-water (OjW), or water-in-oil (W/0), 5 or 
bicontinuous structure, 6 • 7 depending on the nature and 
composition of the system. Whatever the structure of the 
microemulsion is, most surfactant molecules and most 
cosurfactant molecules are adsorbed as a monolayer at the 
interface between water and oi 1 regions. 
Following the first investigation of interaction 
problems of microemulsion systems by Vrij and coworkers, 8 • 9 
many contributions to the same topic have appeared in the 
literature. 10- 14 Like other organic media, W/0 microemulsions 
have negligible interactions due to electrical forces, 15 thus 
providing a simpler model system than 'lllater continuous or o;w 
systems. Vrij and coworkers interpreted their data on the 
intensity of scattered l1ght from a w;o microemulsion 
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composed of potassium oleate, hexanol, benzene and water 
using a two-term osmotic pressure expression. One is due to 
the hard sphere interactions and the other is a minor 
contribution treated as an attractive perturbation to allow 
deviation from the hard sphere behavior for the system. 8 
Dynamic light scattering has also been used to investigate 
micellar or microemulsion 
16-27 
microemulsions. 
systems, especially w;o 
In this paper we will present scattered light intensity 
data and diffusion coefficient measurements for a pseudo 
quarternary W/0 microemulsion system composed of sodium 
dodecyl sulfate (SDS), hexylamine, heptane , and an aqueous 
sodium chloride solution. He~ylamine has been chosen as a 
cosurfactant because it exhibits some proper ties different 
from commonly used medium chain length alcohols . 28 · 29 Using a 
correct dilution procedure we were able to dilute a 
concentrated mi croemulsion without changing the particle 
size, thus making it possible to interpret our light 
scattering data. We have determined the parti~ le size and the 
molecular weight for two series of microemulS'ions . Vi rial 
coefficients for both the osmotic pressure and diffusion 
coefficient have also been determined . Combination o f 
intensity and diffusion coefficient measurements has allowed 




A. MEASUREMENTS OF INTENSITY OF SCATTERED LIGHT 
Light scattering by a colloidal dispersion of particles 
that are small with respect to the wavelength of the incident 
light is the result of fluctuations of particle concentration 
caused by Brownian motion. The concentration fluctuation is 
determined by the osmotic compressibility. The excess reduced 
intensity of scattered light (or excess Rayleigh ratio) of the 
solution, I(.), over that of the solvent (continuous phase in 
the case of microemulsions) at a scattering angle of 90° 
relative to the direction of the incident beam is given by 
(1) 
30 This is a modification of an equation given by Debye. In 
this equation n
0 
is the refractive index of the medium, 
( dn/d•) the specific refractive index increment, 4 the 
0 
wavelength of the incident light in a vacuum, R the gas 
constant, T the absolute temperature, NA Avogadro's number, • 
the volume fraction of particles (disperse phase), and n the 
osmotic pressure. Eq. 1 applies when unpolarized incident 
light is used. If a vertically polarized incident beam is 
used, 31 the factor of 2 in Eq. 1 must be replaced by a factor 
of 4. Note that Eq . 1 has been writter. in terms of the volume 
fraction of the particles. Concentration expressed in terms 
of grams per cubic centimeter, which is more commonly used in 
14t:i 
light scattering e«periments, can also be used without 
changing the form of the equation, if the composition of 
particles in the microemulsion does not change during 
dilution . 
To apply Eq. 1, it is necessary to find the osmotic 
compreaeibi 11 ty. The most straightforward way to estimate 
this quantity is to express the osmotic pressure as a power 
series in terms of volume fraction of particles: 32 
(2) 
where Vm is the molar volume of the particle and 8 2 and 8 3 are 
the second and third virial coefficients. 8 2 is directly 
related to the interaction potential, U( r), between two 
t . 1 . b M . 33 par ~c es as g~ven y cquarr1e 
2w J Cb 2 8 2 = ;- {1 - exp(-U(r)/kT}r dr 
m 0 
( 3) 
where r is the distance between the centers of two particles 
and urn the volume of the droplet . The third vi rial coefficient 
has a much more complicated expression involving interaction 
potentials among three particles . 33 The interactions among 
three particles may be negligible when the concentration of 
particles in the solution is low, but may not be ignored in 
concentratedW/0 rnicroemulsions. 10 





Eq. 4 may be normalized such that ( •II) •=O = 1. Then it becomes 
(6) 
Another theoretical approach to estimating the osmotic 
compressibility is to use modern theories of flu i ds. In 
microemulsion systems, it is expected that the major 
contribution .to the osmotic pressure is due to the hard sphere 
interactions . A minor contribution is due to the long range 
London-van der Waals attractive forces between the aqueous 
cores of droplets8 or to the interpenetration of hydrocarbon 
tails of surfactant molecules when two particles approach 
each th 8,9,11,13 o er . This attractive interaction is 
frequently treated as a perturbation to the hard sphere model. 
Therefore the osmotic pressure can be written as a sum of 
contributions from hard sphere interactions and attractive 
interactions . 
n = J'Ihs + 11 a ( 7) 
The hard sphere interaction contribution to the osmotic 
pressure, llhs' is best described by an equation of state given 
by Carnahan and Starling34 
(8) 
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In Eq. 8, •hs is the volume fraction and Vhs the molar volume 
of the hard sphere~ . The attractive interaction contribution 
to the osmotic pressure is given by13 
n = kT B f2 
a u - a 
m 
where Ba is given b y 






(r) is the attractive potential between two particles 
and g(r) the radial distribution function. If g(r) is taken as 
0 , for r ~ 2~s 
g(r) = ( 11) 
1, for r ~ 2~s 
then Eq. 10 becomes 
(12) 
Combination of Eqs . 1, 7, 8 , and 9 yields 
l(f) = K V f / ~1+2xf! 2-x3f3 !4-Xf! 
f m (l-xf) 4 + 2B8j (13) 
where x = (fhs/f) = 3 <~s/Rm) · 
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S. DYNAMIC LIGHT SCATTERING 
. 35-39 Dynamic light scattering technique allows one to 
accurately and quickly determine the diffusion coefficient of 
particles suspended in a continuous medium. 40 • 41 The time 
autocorrelation function of the scattered light intensity is· 
given by 
(14) 
where t is the decay time, I the scattered light intensity, 
s 
and the angle brackets mean ensemble average . Since the number 
of particles in the scattering volume is usually large, the 
scattered light commonly shows Gaussian statistics. For such 
a case the normalized intensity autocorrelation function 
. 36 42 
satisfies the following equat1on ' 
where C is a constant for a given experiment. The quantity 
g 1 ( t) is the modulus of the normalized autocorrelation 
function of the scattered electric field. For a monodisperse 
system of N identical particles which are small compared to 
the wavelength of the incident light, g 1 (t) can be expressed 
as a single exponentia136 
·( 16) 
Therefore g2 (t} becomes 
(17) 
Here g is the scattering wave vector, and is given by 
4 .. n 
g = --0 sin(S/2) ~0 
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(18) 
where a is the angle at which the scattered light is measured. 
D is the translational diffusion coefficient of the particle 
and is related to osmotic compressibility by13 
( 19) I 
where f is the friction coefficient betwe en the partic le and 
the continuous medium. The friction coeffic'ient f can be 




is give by Stoke ' s l aw as 
Here 1!
0 
is the viscosity of the continuous phase , ~ the 
hydrodynamic radius of the particle. In the low volume 
fraction range the diffusion coefficient satisfies the 
following equation 43 
(22) 
where kd is the second virial coefficient for the diffusion 
coefficient and can be shown to relate to the second virial 
coefficient of osmotic pressure, s2 , and to that of the 
friction coefficient . At ve-ry l ow concentrations, terms above 
the first order off i.tl Eqs . 2 and 20 can be neglected . Then it 
is easy to verify from Eg. 19 that 
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(23) 
Comparison of this equation with Eq. 22 gives 
(24) 
which can further be written as44 , 45 
kd = 1.45 - 0.56a (25) 
where a is a parameter related to the interaction potential 
betweenparticles. 44 
The diffusion coefficient at zero concentration, 0
0
, is 
given by the Stokes-Einstein law46 • 47 
= kT 
6wn0~ (26) 
Therefore it is possible to calculate the hydrodynamic rad i us 
of the partie le from D . 
0 
Polydispersi ty causes a dispersion of the di !fusion 
coefficient . The correlation function g 1 ( t) is no longer 
t · l d · t b d · terms of moments48 ' 49 exponen 1a an 1 can e expresse 1n 
of the distribution of the decay rates r = Dq2 
+ • . l (27) 
_j 
where ~i is the ith monment of the decay rates r and is given 
by49 
(28) 
3 l'J = (r - <T>) 







the so-called Z-average diffusion coefficient, where N1 is 
the number of particles of species i having molecular weight 
M1 and diffusion coefficient Di. The index of polydispersity 
can be defined as the normalized Z-average variance of the 
distribution of D's 





which provides information similar to that obtained from the 




Sodium dodecyl sulfate was purchased from BDH and 
recrystalized twice from absolute ethanol. Hexylamine was 
obtained from Eastman Kodak (Cat. no . 117 7559, 99%) and used 
without further purification. Heptane wa s from Aldrich (Cat. 
no. 15487-3, 99+%, spectrophotometric grade) and used as 
received. Water was triple distilled . 
B. METHODS 
1. Light Scatte ring. Both dynamic light scattering and 
time average intensity measurements were performed on a 
Brookhaven Instruments Corporation BI200SM goniometer 
system. The light source is a 5 mW He-Ne laser used at a 
wavelength of 632.8 nm. The intensity and autocorrelation 
function were recorded with a 9865A photomultiplier connected 
to a 128 channel digital correlator. Sample cells with a 
diameter of 12 mm were borosilicate glass with a refractive 
index of 1 . 460 at the experimental wavelength. The sample cell 
containing the scattering solution and covered with a Teflon 
cap was placed in a toluene bath. Toluene has a refractive 
index of 1 . 490 and was used as the index matching liquid, 
which 1s essential to reduce error caused by reflection. A 
Zimm plot program was used when making intensity 
measurements . This program allowed automatic discard of any 
point if the relative er ror was greater than about 0.5% in 
five repetitive measurements of intensity. 
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2. Refractive Index Indices of refraction for 
microemulsions wer~ measured using an Abbe refractometer. It 
was found that the refractive index varied linearly with 
concentrRtion of the disperse phase (droplets) along the 
dilution line, which will be described in detail later . 
3 . Viscosity Viscosity measurements of the continuous 
phase were carried out by means of an Ubbelohde viscometer. 
4. Density Densities of solutions were determined with 
a Mettler/PAAR OMA 40 digital density meter . It was found that 
the measured density of a microemulsion is very close to that 
calculated by assuming that the mixture is ideal. The 
difference between the calculated and measured density is 
29 
usually 1. 0% or less. 
0 All measurements were performed at 25 C. 
C. SAMPLE PREPARATION 
The importance of sample preparation for light 
scattering experiments cannot be overemphasized. Besides the 
common difficulties, such as dust removal , encountered in 
light scattering experiments on macromolecular solutions, 51 
light scattering experiments on microemulsions generally 
suffer severely from the difficulty in diluting a 
concentrated microemulsion without changing the particle size 
of the disperse phase. Presence of a cosurfactant makes it 
impossible to dilute a concentrated w;o microemu lsion using 
only the pure hydocarbon as the diluent without causing a 
modification of the structure and composition and thus the 
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size of the particles. This is brought about because 
cosurfactant molecules potentially distribute between the 
aqueous core, continuous oi 1 phase, and the interfacial 
S2 phase . Often, the sol ubi ll ty of common cosurfactants in the 
aqueous phase is low and may be neglected. In such cases the 
cosurfactant effectively distributes between the continuous 
and interfacial phases. In some cases, the solubility of water 
into the continuous phase may not be negligible. 10 In order to 
make light scattering measurements more meaningful, it is 
important to find a proper dilution procedure so that the 
scattering data can be correctly interpreted and comparison 
made between experiments and theories . 
one 
So far the most commonly used dilution procedure is the 
52 53 proposed first by Schulman ' and improved later by 
Graciaa . 54 This method has been subject to some 
t . t . 55 d . . . 56 R 1 res r 1c 1ons an cr1 t1c1sms. ecent y, some other new 
methods have been proposed using fluorescence emission57 and 
dialysis techniques. 58 However, these new dilution techniques 
have not been widely adopted. 
In the present work we have used Schulman's procedure. 
First, a concentrated w;o microemulsion must be prepared 
which will be diluted with its continuous phase. This original 
microemulsion must be saturated, i.e., must be on the demixing 
line or very close to it. 58 , 59 To prepare this original 
microemulsion, we fixed the molar ratio of water to SDS. The 
amount of heptane added to this mixture depended on the 
required concentration of the disperse phase. To this ternary 
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turbid mixture hexylamine was added dropwise with gentle 
shaking until the mixture suddenly became transparent and a 
concentrated W/0 microemulsion resulted. In order to 
determine the composition of the continuous phase of this 
microemulsion, a known amount of the hydrocarbon was added to 
it. The microemulsion broke down and became turbid. This 
mixture was titrated with hexylamine until a clear solution 
appeared again. This procedure was repeated several times. 
The total amount of hexylamine was plotted versus the total 
amount of heptane. If the plot was a straight line, the 
composition of the continuous phase was considered to have 
been determined correctly. 55 The ratio of the amount of 
hexylamine in the continuous phase to that of heptane is equal 
to the slope of the straight line. If the plot is not a 
straight line, then the solubility of water in the continuous 
phase cannot be neglected and a mixture of the cosurfactant 
with a small amount of water must be used instead of pure 
cosurfactant. Various ratios of water in this mixture should 
be tried until a straight line results. In our experiments we 
used lm aqueous NaCl solution instead of pure water. It was 
expected that addition of s·alt would reduce the solubility of 
wat~r into the continuous phase as well as that of hexylamine 
into the aqueous cores via the "salting-out" effect. 60 
Moreover, we found that use of brine made it easier to observe 
the end-point of the titration. Two series of microemulsions 
were prepared for this study. One has the molar ratio of water 
to SDS equal to 70 (denoted Series A) and the other equal to SO 
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(Series B). Dilution results are presented in Fig. 1. The 
weight ratio of hexylamine in the continuous phase to heptane 
(denoted Ha(c)/H~) was 0.040 for S~ries A, and Ha(c)/Hp = 
0.046 for Series B, as can be seen from the slopes of the 
dilution lines in Fig . 1 . 
The validity of the above dilution procedure for W/0 
microemu l si ons has been j ustif ied by small angle neutron 
scattering and ultracentrifugation techniques, 61 although 
light scattering itself can also be used for this purpose. 10 
Once the composition of the continuous phase has been 
determined, the concentration of the disperse phase 
(droplets) can be calculated assuming that all oil is present 
in the continuous phase. The volume fraction of droplets ~s 
defined as 
• = 
v + v + v 
s aq Ha(d) (31) vs + v + v + v 
aq Ha Hp 
where V 
8 
is the volume of SDS which is calculated from its mass 
and the known density of 1. 16 g/cm3 , V aq the volume of the 
aqueous solution . VHa(d) is the volume of hexyl amine in the 
disperse phase while VHa is the total volume of hexylamine in 
the system . VHp is the volume of heptane. 
Removal of dust from microemulsions often causes some 
special difficulties compared to normal nonaqueous polymer 
solut1ons . A small change in composi t ion may cause structural 
changes in the droplets. For our systems we found that 













Figure 1. Dilution lines for 0 . 100 q SDS and 1.0 m NaCl 
aqueous solution. Molar ratio of water to SDS, 
nwfn8 : o--70 . 2(Series A) ; A--SO(Series B) . 
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Reproducible results could be obtained with filtration if 
enough care was taken. However, if ultracentrifugation was 
the final step in a dust removal procedure, it was often 
difficult to obtain reproducible results. Perhaps 
centrifugation caused a concentration gradient to build up . 
In any case a long time was required for the solution to regain 
its homogeneity. In our experiments we used 0 . 20'1l Teflon 
membranes (Gelman Science , Ann Arbor, Michigan). We found 
that the best results were obtained when a closed circulation 
filtration system was used . 
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RESULTS 
A. DYNAMIC LICHT SCATTERING 
Some typical aut.ocorrelation functions of scattered 
light intensity from microemulsion Series A are presented in 
Figs . 2, 3, and 4. It is e,een that these correlation function~ 
decay exponentially and smoothly with time. As ment ioned 
before, the scattered light intensity autocorrelation 
function for a monodisperse microemulsion system can be 
fitted with a single exponential . This takes the following 
form in our experiments 
c2 (t) ; B {1 + C exp(-2fmAt)} (32) 
B is the base line which is the uncorrelated and flat portion 
of the curve for long time regimes, m is the channel number, 
and At is the sample time . r is the decay rate or linewidth 
containing interesting information and is given by 
(33 
Thus measurements of r enable one to calculate the diffusion 
coefficient, D, of the particle. Eq. 32 can also b~ written in 
a linear form 
ln{G2 (t)/B - 1} = ln c - 2 r t (34) 
where t = mAt is the decay time. Therefore if the system is 
fairly monodisperse, the plot of ln{G2 (t)/B-l} versus t 
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Figure 2a. Autocorrelation function of scattered light 
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Figure 2b. Plot of ln(G2 (t)/B-1} vs . decay time, t. 
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Figure 3a . Autocorrelation function of scattered light 
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Fiqure 3b . Plot of ln{G2 (t) / B-l} vs . decay time , t . 
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Figure 4a. Autocorrelation function of scattered light 














Figure 4b . Plot of ln{G2 (t.) / B-l} vs . decay time , t . 




3b, and 4b show such straight lines. There are only very small 
deviations from linearity, indicating that our microemulsions 
are basically monodisperse. Indeed, fitting the same set of 
data with Eq. 24 up to the third moment using the cumulant 
47 48 . 
method ' usually y1elds a small value of the index of 
polydispersity as defined by Eq. 29 . Values of about 0.05 are 
typical if the sample is clean. 
If the diffusion coefficient of the diffusing particle 
is independent of scattering angle, Eq . 33 shows that the plot 
of r versus q 2 is a straight line passing through the origin 
with the slope equal to the diffusion coefficient . 
Measurements of diffusion coefficients at various angles are 
often necessary because for some microemulsion systems 
16 diffusion coefficients may be angle dependent. Moreover, 
measurements at only one angle may sometimes lead to an 
incorrect conclusion due to dust, flare, etc. , especially at 
angles below 90°. In our experiments we calculated diffusion 
coefficients from plots of r against q 2 and found that the 
diffusion coefficients were not dependent on scattering angle 
within the accuracy of the experiment. Fig. 5 shows such plots 
for Series A. All lines pass through the origin and have good 
linearity . 
Di !fusion coefficients for both series A and B are 
presented in Figs. 6, plotted vs. volume fraction of droplets. 
-7 2 We see that they are on the order of 10 em ;sec, in agreement 
with that commonly observed for microemulsions11 . In the low 
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Figure Sa. Plots of r as a function of q 2 for Series A. 




Figure Sb. Plots of r as a function of q 2 for Series A. 







Fiqure Sc. Plots of r as a function of q2 for Series A. 
Volume fraction, •= o--0.116; o--0 . 293 . 




Figure 6 . Diffusion coefficient , D, of the droplet as 
a function of volume fraction, f . o--series A; 
e--series B . 
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linearly with increasing volume fraction of droplets for both 
Serie~ A and B. This linear relationship between diffusion 
coefficient and volume fraction at low concentrations is 
expected from Eq . 22. A negative slope was observed, 
indicatinq attractive interactions between droplets . 21 Fr om 
the intercept at zero volume fraction, and the initial slope, 
the second virial coefficient of the diffusion coefficient , 
kd' can be calculated. For Series A, kd=-5 . 62 , and for Series 
B the value is -4 . 75. These values are comparable to 
literature valuesl0,11,21,22 for some othe r w; o 
microemulsions. It is interesting to note that, for Series A, 
there is a minimum of D(-) at a volume frac t ion of -0 . 1 . We 
will see that this minimum of the diffusi on coefficient 
corresponds to a maximum of the excess reduc ed intensity , 
I(f) , given by Eq. 1 . Such a shape of aD vs . ; plot h as been 
observed for other W/0 microemulsions with an alc ohol as the 
cosurfactant . lO , 11 For Series B there does not appear to be an 
obvious minimum. Interestingly, the maximum in I<•> versus • 
is not pronounced for this same series of microemulsons , as 
will be seen later. Another feature of Fig . 6 is that the 
diffusion coeffi c ients for Series B are larger than those for 
Series A at the same volume fraction, corresponding to a 
smaller particle size . Extrapolation to zero concentration 
allows one to calculate the hydrodynamic rsdi us of the droplet 
using the Stokes-Einstein law, Eq. 26. These radii together 
with other parameters are summarized in Table I. The 
0 
hydrodynamic radius for Series A is 136 A, and that for Series 
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0 
B is 100 A. This confirms the conclusion that the larger the 
molar ratio of water to surfactant, the greater the particle 
size.S,lS,ll 
B. INTENSITY MEASUREMENTS 
The excess reduced intensities measured at 90°, I(C), 
for Series A and Bare shown in Figs. 7a and 7b, respectively. 
It is seen that at low concentrations, a linear relationship 
exists between I(C) and C, indicating ideal limiting 
behavior. For infinitely dilute concentrations, Eq. 2, 
written in terms of C ( gjcm3 ), gives 
(an;ac) = RT/M 
c-+o 
( 35) 
Substitution of this quantity into Eq. 1 gives 
I = K MC 
c-+o c 
(36) 
Therefore, from Eq. 36 the molecular weight, M, of the droplet 
can deduced from the initial slope of the plot of I(C) versus 
C . Similarly , if I is plotted versus f , the molar volume, Vm , 
and thus the radius of the droplet, Rm' can be obtained. 
Values of the molecular weight and droplet radius calculated 
in this way are reported in Table I. Notice that the radius of 
the droplet obtained from the intensity measurement, Rm' is 









Fiqure 7a. Excess reduced intensity of scattered light 
at 90°, I, as a function of concentration of 
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Figure 7b . Excess reduced intensity of scattered light 
at 90°, I, as a function of concentration of 
the disperse phase, C, for Series B. 
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It is intereatinq that, for Series A, I (C) shows a 
pronounced maximum as the concentration of droplets 
increases. This maximum very closely corresponds to the 
minimum of the diffusion coefficient, as pointed out 
previously . In the next section we will show that this maximum 
can be accounted for by the hard sphere model. It can also be 
explained according to Eq. 1. An examination of this latter 
equation indicates that a maximum will occur if ( an;ac) 
increases more rapidly with increasing C than does C itself. 
For Series B, we see that after passing through a maximum, 
I(C) decreases more slowly with C than for Series A. This 
maximum is not as pronounced as that for Series A. The 
behavior of scattered light intensity seems to match that of 
the diffusion coefficients. 
Fig. 8 shows the plot of K C/I versus C according to Eq. 
c 
4. The extrapolated value of KcC/I to zero concentration gives 
the reciprocal molecular weight of the droplet. Molecular 
weights obtained in this way are close to those obtained from 
the initial slope of I versus C, suggesting that the previous' 
method of determining molecular weights is reliable. Notice 
that the relationship between K C/I and C is not linear, even 
c 
in the low concentration range. This makes it difficult to 
obtain a reasonably precise second virial coefficient from 
such a plot. 
From the measured intensity data, it is possible to 
calculate the osmotic compressibility from Eq. 1. Fig. 9 shows 
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of microemulsions . A theoretical' curve of ( anh8 /3fhs) for the 
hard sphere m·odel using Eq. 8 is also included in this figure . 
lt is interesting to note that for Series A the data are fitted 
fairly well with the hard sphere model over a large 
concentration range . This sugqests that the major 
contribution to the osmotic pressure is the hard sphere 
interactions. Data for Series B appear to deviate quite 
markedly from this model , showing that some other 
contributions to the osmotic pressure are also important for 
this Series . 
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0 0.4 
Figure 9. Comparison between the hard sphere model and 
. ~~· the exper1mental results--Plot of RT/V vs •· 
Solid line--theoretical hard sphere model; 
o--experimental result of Series A; 
e--experimental result of Series B. 
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TABLE I 
Experimental Parameters of Microemulsion Series A and B 
Series A Series B 
nwfns 70.2 so 
WHa (·c) /WHp .040 .046 
~a(d)/ns 1.80 l. 81 
Mxl0-6 (g/mol) 6 . 15 2.86 
0 
Rm(A) 134 104 
0 
~(A) 136 100 
0 
R...,(A) 120 90 
0 




~a(d) 6127 3812 
Naq 2.43xl0 
5 9.99xl04 
B2 -3 . 94 -1.71 
B3 35.8 23.1 
Ba -11.5 -7.7'9 
kd -5.62 -4 .75 
y1ol9(J) 2.39 2.32 
0 
A (A2 ) 19 . 1 17 .2 
s-a 
0 
As(A2) 53.2 48.4 
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DISCUSSION 
Fig. 10 shows a simplif.~ed model of a W/0 microemulsion 
droplet. Based on this model it is possible to calculate the 
radius of the aqueous core, Rw, from light scattering 
measurements. Hence the effective thickness, t, of the 
interfacial film can be estimated since the radius of the 
whole droplet, Rm , is known from i ntensity measurements . The 
water core radius is given by the equation 
_ GMf aqP t~ 1/ 3 
Rw - 41fNAp ~ 
aq 
(37) 
where and p aq are the weight fraction and density, 
respectively , of the aqueous solution. The density of the 
microemulsion is This radius will not change during 
dilution. Aqueous core radii calculated from the above 
equation are listed in Table I . The difference between R and 
m 
0 
Rw gi vee the same value of the interfacial thickness, t = 14 A, 
for both Series A and B, as would be expected. This result is 
0 
in very good agreement with the value of -13 A obtained for a 
microemulsion system consisting of SDS, water, hexanol and 
eye lohexane by Cazabat et al 10 Hexylamine used in the present 
study should have a chain length very close to th~t of 
hexanol . It is not surprising that both systems give the same 
value of the interfacial thickness. Of course, a minor 



















Fiqure 10 . A schematic i llust.ration of droplet structure 
in W/0 microemulsions . Molecules with a long 
chain length are surfactant and those with a 
short chain length are cosurfactant . 
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especially if the composition of the interfacial film 
differs, since the cha.in lengths of the surfactant and 
cosurfactant are not the same. Note that this deduced 
interfacial film thickness is greater than the chain length of 
0 0 
hexylamine(~7 A) but shorter than that of SDS(~21 A). This 
result is in agreement with that determined by low angle X-ray 
diffraction on the lamellar liquid c rystalline phase, 29 in 
the absence of sodium chloride. There the thickness of the 
amphiphi lie bilayer is about twice the 2 value here. Since the 
effective interfacial film thickness is smaller than the SDS 
chain length, there exists a region where interpenetration 
may occur when two droplets approach each other . This region 
is the outer part of the interfacial monolayer of the droplet 
0 
and on average has a thickness of 7 A. It is believed that the 
attractive interaction between particles in a microemulsion 
is partly due to this partial interpenetration of the tails of 
surfactant molecules. Apparently, this attraction is short 
range. 9 ' 13 ' 62 Another possible contribution to the attractive 
potential is the long range London-van der Waals forces 
between aqueous cores immersed in the non-polar hydrocarbon 
medium. A theory for this long range attractive interaction is 
available from the literature. 8 We will use this theory to 
estimate the Hamaker constant for our system after we obtain 
the attractive contribution, Ba' to the second virial 
coefficient given by Eq. 10. 
The composition of the droplet can be obtained from the 
molecular weight, the radius of the aqueous core, and the 
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molar ratio of SOS to hexylamine in the interfacial film. From 
the following equation, the number of molecules of SOS, 
hexylamine, and water in the droplet can be calculated. 
md = N m + lN m + v p 
s s s a aq aq (38) 
N8 -is the number of SDS molecules in the interfacial 
monolayer, md the mass of the d,roplet, m and m the mass of a n 
s a 
SDS and a hexylamine molecule respectively, and u aq the volume 
of the aqueous core. The ratio NHa(d)/Ns is l where NHa(d) is 
the number of hexylamine molecules in the interfacial 
monolayer . The calculated r esults are 1 i sted in Table I. 
Obviously, the aggregation number of the surfactant in our 
microemulsions is much larger than that in normal micellar 
solutions . 63 Of course, depending on the location in the phase 
diagram, microemulsions may have very small droplets, or even 
be molecular dispersions. 64 
Having calculated the number of the SDS and hexylamine 
molecules in the interfacial film, we can now estimate the 
average interfacial area per polar group of these amphiphilic 
molecules . Assume that the polar head of the hexylamine 
molecule is ancho red together with the ionic group of the SDS 
molecule at the surface o~ the aqueous core. The average area 
per polar group, As-a' can be calculated from 
(Ns + NHa(d))A5 _a = 4nRw
2 (39) 
02 02 
which gives A =19. 1 A for Series A and 17.2 A for Series B . 
s-a 
These values are smaller than those determined from low angle 
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X-ray diffraction for the lamellar liq4id crystalline 
phase. 29 Two possible reasons may be given. One is geometrical 
and the other electrostatic. The interfacial structure 
between the aqueous core and the amphiphi lie monolayer in the 
microemulsion phase is different from that in the lamellar 
liquid crystalline phase . This interfacial film is bent in the 
case of a microemulsion since the droplet is spherical or has 
a curved surface. This geometrical factor provides more space 
between the hydrocarbon tails of SDS molecules so that 
hexylamine molecules in the interfacial film may slip back to 
some extent from the surface of the aqueous core and this 
effect will reduce the average interfacial area per polar 
group. Since in the present study brine was used instead of 
pure water, the screening effect of the electrolyte wi 11 
reduce the repulsion between neighboring ionic heads of SDS 
molecules to allow a more compact arrangement. Therefore it 
seems possible to ignore the contribution of hexylamine 
molecules to the interfacial area in the monolayer. With this 
0 
assu.mptio.n we obtain an area per SDS molecule of 53. 2 A2 for 
0 
Series A, and 48.4 A2 for Series B. These values are very close 
to that obtained by Cazabat et a1. 11 Comparing the A
5 
value 
between Series A and B, we see that the larger the molar ratio 
of water to SDS, the greater the interfacial area per polar 
group. This is also in good agreement with the results 
obtained from low angle X-ray diffraction of the lamellar 
liquid crystalline phase. 29 
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To extract virial coefficients of osmotic pressure from 
intensity measurements of scattered light , Eq . 6 can be 
rearranqed to give a linear form at not very high 
concentrations 
(40) 
The quantity •II has been scaled with (f / l)•=o· This equation 
allows one to calculate the second and third virial 
coefficients, B2 , and s3 , from the intercept and the slope, 
respectively, of the plot of <•II-1) / f vs • · Fig . 11 shows 
such plots. We see that the straight line is fairly good, 
especially for microemulsion Series A. For Series B, 
deviation from the straight line becomes aign ificant at . the 
two concentration extremes. Virial coefficients obtained from 
these plots are included in Table I. For both series, the 
second virial coefficient is negative, confirming the 
existence of attractive interactions between particles. 
Notice that Series A gives a more negative second virial 
coefficient than Series B, implying that attractive forces 
become stronger as the molar ratio of water to SDS increases. 
This tendency is in general agreement with Cazabat et a1. 10 
They used a dif!.~_rent v:rial expression of osmotic pressure in 
that work . 
From Table I we see that the third virial coefficient for 
both Series is positive . This positive third virial 
coefficient is known to be responsible for the occurrence of 
the maximum of l(f) versus f. 65 As mentioned previously , this 
0 0.4 
• 











maximum is mainly due to the hard sphere interactions between 
particles. Thus the third virial coefficient of the osmotic 
pressure due to these hard sphere interaction must be 
positive. This can be shown from Eq. 8 by expanding nhs as a 
power series in terms of volume fraction of hard spheres, •hs. 
By doing so one obtains 
. which has a positive third virial coefficient of 10 . This 
value is smaller than the experimental ones as would be 
expected since the system does not behave as a pure hard 
sphere one. 
I~ is easy to show that if Eq. 8 is substituted into Eq . 
1, a maximum of I(f) occurs at a volume fraction of -0.13, 
which is close to the observed values for both the 
microemulsion Series . Fig. 12 compares the intensity data 
between the hard sphere model and experimental results. The 
intensity has been normalized by J<.V. We now see why a maximum 
of scattered light intensity appears as the concentration of 
particles increases . It is mainly caused by hard sphere 
interactions . At low concentrations, both series behave like 
hard spheres. Deviations from this model become larger as the 
concentration increases. Series A comes to agreement with the 
model agal.n at high concentrations while Series B does not. 
It is possible to obtain the attractive part of the 












Figure 12. Comparison of intensity data between the hard 
sphere model and experimental results. 
Solid line--the hard sphere modeli 
o--series Ai •--series B . 
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of I<•> to Eq. 13. Alternatively~ it may be obtained in the 
following way. Combination of Eq. · 41 and Eq. 9 yields 
Comparing this with Eq. 2, one obtains 
s 2 = 4x + Ba 
B = 10x2 3 
(43) 
The observed third virial coefficient is considerably larger 
than 10, which means that x deviates appreciably from 1. The 
attractive contribution to the osmotic pressure given by Eq. 9 
is obviously oversimplified. B is given in Table I according 
a 
to this treatment. Still, these B values are comparable to 
a 
literature values. 11 
With B known we can now calculate the Hamaker constant 
a 
for our microemusion system following the treatment of Vrij 
and coworkers. 8 According to Hamaker, 66 the ~otential of the 
long range London~van der Waals forces between aqueous cores 
suspended in a non~polar medium is given by the following 
equation 
(44) 
where AH is the Hamaker constant for water across an oi 1 
medium and S=r/Rw, where r is the distance between the centers 











=2Rm/Rw. Since Ba has been determined experimentally, 
one can use Eq. 45 to calculate the Hamaker constant, ~· The 
calculated values of ~ are included in Table I. 
Interestingly, we obtain the same value (-2.35Xlo- 19J) of the 
Hamaker constant for both microemulsion series. This is 
required by the theory, since ~ is a material constant. 
Although the observed "H value is sti 11 larger than the 
commonly adopted value67 of -5Xl0-20J, it is in good agreement 
with those obtained by Vrij and coworkers whose values of "H 
are not the same for diffe.!"ent microemulsion series. 8 The 
reason for a larger experimental than theoretical Hamaker 
constant is said to be caused by use of a non-realistic radia l 
distribution function, g(r), in Eq. 10. 
Finally, it is possible to combine data for l(f) with 
diffusion coefficients. As mentioned in the Results section, 
for a particular concentration dependence o£ I (f), there is a 
corresponding pattern of the diffusion coefficient . From Eqs. 
1 and 19, it is seen that l(f) and D(f) have a reverse 
relationship to the osmotic compressibility. Since the 
maximum of I (f) has satisfactorily been accounted for by using 
the hard sphere model for the osmotic compressibility, this 
same factor should also be responsible for the occurrence of 
the minimum of the diffusion coefficient . Combining Eqs . 1 and 
19, one obtains 
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= KfRT• 
f D(.)I(.) (46} 
which provides acces;J to calculating the. friction coefficient 
from the diffusion coefficient and excess reduced intensity 
measured for the same solution . Calculated results of f are 
presented in Fig. 13. It is interesting that f increases 
monotonically and does not show any abnormal behavior within 
the whole concentration range covered in spite of the 
existence of the maximum in l(f} and minimum in D(f). This is 
especially interesting when one realizes that the 
measurements of scattered light intensity and diffusion 
coefficients in the present study were done in separate 
experiments instead of being done simultaneously as was done 
11 by Cazabat et al. Also notice that although the shapes of 
I(~} and D(•) for microemulsion Series A look quite different 
from those for Series B, the friction coefficient, f, shows a 
similar behavior. Apparently, the "regular" behavior of the 
friction coefficient proves that the "irregular" behavior of 
I(f) and D<•> is caused by the variation of the osmotic 
compressibility since when forming the product of I(•) and 























Figure 13. Normalized friction coefficient as a function 
of volume fraction of the disperse phase . 
o--series A; •--series B . 
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SUMMARY 
Dynamic and time-average light scattering measurements 
help us have a better understanding about the structure and 
interactions between liquid droplets in W/0 microemusions 
composed of SDS, hexylamine, heptane, and brine. A proper 
dilution technique must be employed in order to interpret the 
data from light scattering. The molecular weight and radius of 
droplets have been obtained from the time average intensity 
measurements. Dynamic light scattering measurements allow one 
to calculate the hydrodynamic radius. It turns out that the 
radii obtained by these two scattering techniqes are very 
close to each other. Concentration dependence of the excess 
reduced intensity and diffusion coefficient has been 
interpreted satisfactorily using 
Virial coefficients for osmotic 
coefficents have been obtained. 
the hard sphere model. 
pressure and diffusion 
Combination of data of 
scattered light intensity and diffusion coefficients explains 
their behavior toward variation of volume fraction of 
droplets in the microemulsion. 
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